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1 Summaries 
1.1 Abstract (English) 
Background 
The question of the nature and the origin of biological species is one of the most fundamental 
issues in biology. This so-called 'species problem' has been intensely debated since the 
formulation of the theory of evolution by Darwin. To date, about 30 concepts have been 
published that attempt to define, often conflictingly, what a species is and how it can be 
recognized by scientists, and a general agreement is not in sight. At the same time, taxonomy 
faces the challenge of a huge amount of global biodiversity that remains to be scientifically 
described. Therefore, taxonomic methods are required that make the description of new species 
faster and at the same time make them more reliable and reproducible. DNA barcoding, i.e., the 
use of a short standardized fragment of DNA for species identification, means to accelerate 
biodiversity inventories and the recognition of new species. Cybertaxonomy makes the access to 
taxonomic information easier and faster and helps increasing the efficiency of the taxonomic 
workflow by making data available online and free. Integrative taxonomy combines different 
lines of evidence, such as morphological, molecular, and ecological data, to make species 
delimitation and species descriptions more reliable and reproducible. 
In this dissertation I explore two different zoological study systems in order to test current 
models of speciation and methods of species delimitation. These study systems are the reptiles 
of the Comoros Archipelago, a group of oceanic islands in the Western Indian Ocean, and 
aquatic beetles of Australia. The biogeographical backgrounds of these two groups are very 
different: The Comoros are relatively young volcanic islands whose native terrestrial and non-
flying fauna originates exclusively from overseas dispersal. In contrast, Australia is an old 
isolated landmass whose biota were shaped by past climate change. Oceanic islands have been 
recognized as prime study systems even by early biogeographers, and my study of these two 
different systems highlights the common grounds as well as the differences between insular and 
continental biogeography. 
 
Methods and principal findings 
I selected two groups out of the Comoran reptiles (Paroedura geckos and Lycodryas snakes) 
and three groups out of the Australian aquatic beetles (family Hygrobiidae and genera Antiporus 
and Sternopriscus, Dytiscidae) as study groups for this dissertation. In both cases, the data 
fundament for subsequent studies was laid by DNA barcoding, as included for reptiles in this 
dissertation. I then conducted analyses of several mitochondrial and nuclear genetic markers to 
reconstruct the phylogenies of the study groups and, in Hygrobiidae, estimate the divergence 
times within the phylogeny in a molecular clock approach. In Comoran reptiles, I attempted to 
correlate phylogenetic hypotheses with the geological history of island emergence and dispersal 
to and within the archipelago. In Australian Antiporus and Sternopriscus beetles, I attempted to 
correlate phylogenies with past climate change, the genesis of the Australian arid zone, and the 
Pleistocene climate oscillations. I used Ecological Niche Modeling to corroborate these 
hypotheses with evidence for ecological diversification in Australian beetles. 
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Based on the results of DNA barcoding and molecular phylogenies, I used an integrative 
taxonomic approach to revise the taxonomy of the study groups accordingly. The lines of 
evidence I used were morphological data, mitochondrial molecular markers, nuclear molecular 
markers, and categorical and quantitative ecological data. This approach led to the description 
of one new species of beetle (Antiporus occidentalis HAWLITSCHEK, HENDRICH, PORCH, & 
BALKE, 2011) and two new species (Paroedura stellata HAWLITSCHEK & GLAW, 2012 and 
Lycodryas cococola HAWLITSCHEK, NAGY & GLAW, 2012), and one subspecies (Lycodryas 
cococola innocens HAWLITSCHEK, NAGY & GLAW, 2012), of reptiles, as well as to the 
confirmation or resurrection of the previously described taxa Lycodryas maculatus (GÜNTHER, 
1858) and Lycodryas maculatus comorensis (PETERS, 1874). All taxonomic acts followed a 
cybertaxonomic concept by using LSID numbers, online databases, and, as far as possible, open 
access publication. 
Additionally, I used data collected in the course of this dissertation for estimating the 
conservation status of Comoran reptiles and for the development of SmartHerper Comoros, a 
field guide to the herpetofauna of the Comoros as a mobile application for smartphone. 
 
Conclusions 
The results of my studies show complex biogeographic patterns in both the insular and the 
continental study system. According to these results, the ancestors of native reptiles have 
colonized the Comoros Archipelago in a very complex pattern, including several events of 
extinction and re-colonization, e.g., in the case of the gecko genus Paroedura, with little 
correlation to the geographic positions or geological ages of the islands. Many endemic species 
show possible morphological adaptations to the island environment. Molecular data of reptiles 
suggest that Grand Comoro, the presumably geologically youngest island, may be considerably 
older than previously estimated. In Australian aquatic beetles, speciation events were shown to 
be of very different ages from Mesozoic (Hygrobiidae) to Pleistocene (Antiporus) and very 
recent (Sternopriscus). Molecular divergences indicate that speciation in the Sternopriscus 
tarsalis radiation was one of the fastest speciation events so far described among insects.  
I applied an integrative taxonomical approach in the delimitation of all newly described taxa 
and in the confirmation of previously described taxa. This approach provided sufficient 
evidence for species delimitation even in the absence of morphological differentiation 
(Antiporus), or when genetic data did not provide any clear evidence (Sternopriscus tarsalis 
radiation). In these cases, ecological data, particularly such data from Ecological Niche 
Modeling, was shown to be highly useful in integrative species delimitation. In the same 
approach applied to Lycodryas snakes, I argued for the usefulness of the subspecies rank for 
infraspecific entities with some degree of differentiation. 
I conclude that my research in the study systems I investigated in this dissertation are but small 
pieces that nevertheless advance our understanding of speciation and species delimitation by 
contributing to the ongoing debate on the species problem. My dissertation presents these 
results and represents my position in the debate. I see this debate as a very fruitful process that 
is highly important for the current development of evolutionary biology and biodiversity 
research.  
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1.2 Zusammenfassung (Deutsch) 
Hintergrund 
Zu den grundlegendsten Fragestellungen in der Biologie gehört die Frage nach der Natur und 
Entstehung biologischer Arten. Dieses Problem der Artdefinition (Engl. "Species Problem") war 
der Ursprung weitläufiger und kontroverser Diskussionen seit der Formulierung der 
Darwin'schen Evolutionstheorie. Bis heute wurden etwa 30 verschiedene und zum Teil 
gegensätzliche Konzepte zur Definition und wissenschaftlichen Abgrenzung der Art 
veröffentlicht. Eine Einigung ist nicht in Sicht. Gleichzeitig ist die Taxonomie mit der 
Herausforderung konfrontiert, dass ein immenser Teil der weltweiten Artenvielfalt 
wissenschaftlich noch nicht erfasst und beschrieben ist. Dies erfordert Methoden, die die 
Beschreibung neuer Arten beschleunigen und gleichzeitig deren Zuverlässigkeit und 
Nachvollziehbarkeit wahren. DNA-Barcoding, d.h. Artbestimmung an Hand eines kurzen 
standardisierten Fragments der DNA, soll die Erfassung der Artenvielfalt und das Erkennen 
unbekannter Arten beschleunigen. Die so genannte "Cybertaxonomie" erlaubt leichteren und 
schnelleren Zugriff auf vorhandene taxonomische Informationen, indem Daten online und 
kostenfrei zur Verfügung gestellt werden. Dies trägt zur Steigerung der Effizienz taxonomischer 
Prozesse bei. Integrative Taxonomie kombiniert verschiedene Beweislinien, wie zum Beispiel 
morphologische, molekulare und ökologische Daten, um die Zuverlässigkeit und 
Nachvollziehbarkeit bei der Abgrenzung und Beschreibung von Arten zu erhöhen. 
In dieser Dissertation untersuche ich zwei verschiedene Studiensysteme, um derzeit als gültig 
angesehene Modelle der Artbildung und Methoden der Artabgrenzung zu testen. Bei diesen 
Systemen handelt es sich um die Reptilien der Komoren, einer Gruppe ozeanischer Inseln im 
westlichen Indischen Ozean, und australische Wasserkäfer. Die Biogeographie dieser beiden 
Gruppen ist durch höchst unterschiedliche Faktoren geprägt: Die Komoren sind vergleichsweise 
junge vulkanische Inseln, deren einheimische, landbewohnende und flugunfähige 
Faunenelemente ausschließlich auf Besiedelung durch Drift über das offene Meer zurückgehen. 
Dagegen stellt Australien eine alte und isolierte Landmasse dar, deren Lebensgemeinschaften 
durch Klimaveränderungen in der Erdgeschichte geprägt sind. Ozeanische Inseln wurden schon 
von frühen Forschern als wichtige Systeme zum Studium der Biogeographie erkannt, und meine 
Untersuchung dieser beiden so unterschiedlichen Systeme stellt sowohl die Gemeinsamkeiten 
als auch die Unterschiede der Biogeographie von Inseln und Kontinenten heraus. 
 
Methoden und wesentliche Ergebnisse 
Als Fallbeispiele zur Untersuchung im Rahmen dieser Dissertation wählte ich zwei Teilgruppen 
der komorischen Reptilien (Geckos der Gattung Paroedura und Schlangen der Gattung 
Lycodryas) sowie drei Teilgruppen der australischen Wasserkäfer (die Familie Hygrobiidae und 
die Gattungen Antiporus und Sternopriscus aus der Familie Dytiscidae) aus. In beiden Fällen 
wurde der Grundstein für weitere Untersuchungen durch DNA-Barcoding gelegt, wie für die 
Reptilien als Teil dieser Dissertation beschrieben. Als nächsten Schritt führte ich 
Untersuchungen an mehreren mitochondrialen und nukleären Genmarkern durch, um die 
Phylogenien der jeweiligen Gruppen zu rekonstruieren und, im Fall der Hygrobiidae, das Alter 
der Phylogenie durch eine molekulare Uhr abzuschätzen. Ich versuchte, die Phylogenien 
komorischer Reptilien mit geologischen Daten über die erdgeschichtliche Entstehung der Inseln 
sowie die Ausbreitungsmöglichkeiten zu und zwischen den Inseln in Verbindung zu bringen. 
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Bei Phylogenien australischer Käfer der Gattungen Antiporus und Sternopriscus suchte ich nach 
Korrelationen zu Klimaveränderungen in der Erdgeschichte, der Entstehung der australischen 
Trockengebiete und den Eiszeiten im Pleistozän. Diese Hypothesen konnte ich durch Belege für 
die ökologische Diversifikation australischer Käfer aus meinen Ökologischen 
Nischenmodellierungen untermauern.  
Auf der Grundlage der Ergebnisse von DNA-Barcoding und molekularen Phylogenien 
unternahm ich taxonomische Revisionen der betreffenden Gruppen nach Methoden der 
integrativen Taxonomie. Als Beweislinien verwendete ich Daten aus morphologischen 
Untersuchungen, mitochondrialen und nukleären Genen, sowie kategorische und quantitative 
ökologische Daten. Dieser Ansatz führte zur Beschreibung einer neuen Art von Käfern 
(Antiporus occidentalis HAWLITSCHEK, HENDRICH, PORCH, & BALKE, 2011), zweier neuer 
Arten (Paroedura stellata HAWLITSCHEK & GLAW, 2012 and Lycodryas cococola 
HAWLITSCHEK, NAGY & GLAW, 2012) und einer Unterart von Reptilien (Lycodryas cococola 
innocens HAWLITSCHEK, NAGY & GLAW, 2012), sowie zur Bestätigung oder Wiederherstellung 
der Gültigkeit der zuvor beschriebene Taxa Lycodryas maculatus (GÜNTHER, 1858) und 
Lycodryas maculatus comorensis (PETERS, 1874). Alle taxonomischen Handlungen wurden 
gemäß dem Konzept der Cybertaxonomie ausgeführt: es wurden LSID-Nummern vergeben, 
Einträge in Online-Datenbanken vorgenommen, und nach Möglichkeit Publikationsmodi mit 
freiem Zugang für Leser gewählt. 
Zudem verwendete ich die im Rahmen meiner Dissertation gesammelten Daten zur 
Abschätzung des artenschutzfachlichen Status der Reptilien der Komoren. Außerdem dienten 
sie als Basis für die Entwicklung von SmartHerper Comoros, einem Naturführer zur 
Herpetofauna der Komoren als Applikation für Smartphone. 
 
Schlussfolgerungen 
Die Ergebnisse meiner Untersuchungen weisen auf komplexe biogeographische Muster sowohl 
im insulären als auch im kontinentalen Untersuchungsgebiet hin. Demzufolge haben die 
Stammformen der dort heimischen Reptilien die Komoren in einem sehr komplizierten Muster 
besiedelt, das z.B. im Fall der Gecko-Gattung Paroedura mehrere Aussterbe- und 
Wiederbesiedlungsereignisse beinhaltet und kaum mit der geographischen Lage und dem 
geologischen Alter der Inseln korreliert. Viele endemische Arten zeigen mögliche 
morphologische Anpassungen an den Insellebensraum. Molekulare Daten komorischer 
Reptilien legen nahe, dass Grand Comoro, zuvor als geologisch jüngste Insel angesehen, 
möglicherweise weit älter ist als bislang angenommen. Über australische Wasserkäfer erhobene 
Daten zeigten, dass Artbildungsereignisse innerhalb dieser Gruppe von höchst 
unterschiedlichem erdgeschichtlichem Alter sind und vom Mesozoikum (Hygrobiidae) über das 
Pleistozän (Antiporus) bis in die jüngste erdgeschichtliche Vergangenheit (Sternopriscus) 
reichen. Molekulare Unterschiede weisen darauf hin, dass die "Sternopriscus tarsalis radiation" 
einen der am schnellsten verlaufenen bislang beschriebenen Artbildungsprozesse innerhalb der 
Insekten darstellt.  
Der integrativ-taxonomische Ansatz erwies sich in meinen Augen bei der Abgrenzung aller neu 
beschriebenen Taxa wie auch bei der Bestätigung bestehender Taxa als höchst erfolgreich. 
Durch diesen Ansatz standen Belege für die Artabgrenzung auch bei unzureichender 
morphologischer oder genetischer Differenzierung in ausreichendem Maße zur Verfügung. 
Ökologische Daten, insbesondere solche, die bei Ökologischer Nischenmodellierung gewonnen 
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wurden, haben sich in diesen Fällen als höchst aussagekräftig bei der Artabgrenzung erwiesen. 
Bei der Anwendung des integrativ-taxonomischen Ansatzes auf Schlangen der Gattung 
Lycodryas argumentierte ich, den Rang der Unterart auf infraspezifische Einheiten mit einem 
gewissen Grad der Differenzierung anzuwenden.  
Schlussendlich liefern die Ergebnisse der Untersuchungen in meiner Dissertation nur einen 
kleinen, aber meiner Meinung nach dennoch nützlichen Beitrag zu unserem Verständnis 
darüber, wie biologische Arten entstehen und wie sie wissenschaftlich erfasst werden können. 
Meine Dissertation präsentiert diese Ergebnisse im Kontext der Debatte über die Artdefinition 
und stellt auch meine Meinung und Position darin dar. Meiner Ansicht nach ist diese äußerst 
fruchtbare Debatte von hoher Bedeutung für die zeitgenössische Entwicklung der 
Evolutionsbiologie und Biodiversitätsforschung. 
Auf Nachfrage beim Autor ist eine deutsche Übersetzung erhältlich, die Kapitel 2.1, 8.4 und 9, 
die Abstracts aller enthaltenen wissenschaftlichen Artikel, die Zitate und die 
Abbildungsbeschreibungen des allgemeinen Teiles dieser Dissertation enthält. 
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2 Background of this work 
2.1 Aims and overview 
I prepared this dissertation 'Speciation and species delimitation in insular and continental 
systems: the cases of the Comoros Islands and Australia' at the Zoologische Staatssammlung 
(Bavarian State Collection of Zoology), in collaboration with the Ludwig-Maximilians-
Universität, Munich, between 2009 and 2013. The work was supervised by Prof. Dr. GERHARD 
HASZPRUNAR, Dr. FRANK GLAW, and Dr. MICHAEL BALKE. 
This work has two major components, the 'Diversification of Australian aquatic beetles' and 
'Reptiles on Indian Ocean islands: phylogeny, biogeography, and the impact of environmental 
changes'. Both originally separate projects yielded satisfactory output, and I realized that they 
had a common ground. The discussion on speciation, species delimitation, and species concepts 
was important in all major papers produced in both projects. I am happy that I was given the 
chance to merge these two rather different study subjects in one dissertation. This allowed me to 
focus my discussion on the underlying major questions concerning not only a specified 
zoological study system, but all systematic and evolutionary biology. 
First, in Chapter 3, I present an introduction to speciation, species delimitation, and the 
importance of biogeography for the understanding of these issues. I also introduce the two study 
systems of this dissertation, Comoran reptiles and Australian aquatic beetles. Second, in 
Chapters 4 to 6, I present selected case studies from both study systems. Third, in Chapter 8, I 
discuss the importance of the insights gained in these case studies for our knowledge of 
biogeography, speciation, and the definition of species. 
I am aware that much of what we believe to know on many of the topics that are discussed in 
this dissertation – the origin of species, the species problem, the definitions of taxonomic ranks 
– is not based on 'pure' evidence from observations. Rather, the answers to questions concerning 
these topics are inferred, if not speculated, from the little (but increasing) amount of evidence 
we have. What evidence we have allowed for the forming of conflicting opinions among 
scientists and sparked ongoing intense debates on the origin, definition, and nature of species. 
This dissertation reviews the debates led so far and also reflects my own opinions on these 
fundamental questions of biology. 
 
 
Of course not. After all, I may be wrong. 
Bertrand Arthur William Russell 
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Gekkonidae): Preliminary results. Poster, symposiums "Evolution and extinction of the terrestrial biota of the western 
Indian Ocean archipelagos", Linnean Society, London (http://www.linnean.org/).  
 
Popular presentations, press releases, and media coverage: 
TREUIL F., LOUIS G., HERMILE J., with contributions of  HAWLITSCHEK O. and CHARPENTIER M. (2013): Deux 
chercheurs allemands inventorient reptiles et amphibiens [Two German researchers survey reptiles and amphibians]. 
TV coverage in Journal de Mayotte, Mayotte 1ère, 2013/03/14. 
PIOLAT J., with contributions of  HAWLITSCHEK O. and GLAW F. (2013): Deux chercheurs allemands inventorient 
reptiles et amphibiens [Two German researchers survey reptiles and amphibians]. Mayotte Hebdo 605, 16. 
HAWLITSCHEK O., GLAW F. (2012): Gesucht: die Ameisengrille. [Wanted: the Ant Cricket.] Press release.  
SCHREGLMANN I., with contributions of  GLAW F. and HAWLITSCHEK O. (2012): Glatt, glitschig und genial vielseitig. 
[Smooth, slippery, and brilliantly versatile.] Broadcasting program of Radio Bayern 2 on amphibians and reptiles 
(http://www.br.de/radio/bayern2/sendungen/radiowissen/amphibien-reptilien100.html). 
HAWLITSCHEK O. (2011): Die Komoren und ihre Phelsumen. [Phelsuma species (Squamata: Gekkonidae) of the 
Comoros.] Talk, annual meeting of the German Phelsuma Breeders Group (IG-Phelsuma), Göttingen, Germany 
(http://www.ig-phelsuma.de/). 
HAWLITSCHEK O. (2010): Expedition auf die Komoren – Biologische Vielfalt, Land und Leute. [Expedition to the 
Comoros – Biodiversity, Culture, People.] Talk, Society of the Bavarian State Collection of Zoology, Munich, 
Germany (http://www.zsm.mwn.de/freunde/). 
HAWLITSCHEK O. (2009): Pemba: herpetologische Fundgrube im Indischen Ozean. [Pemba: herpetological treasure 
trove in the Indian Ocean.] Talk, DGHT (German Society for Herpetology and Herp Breeding, 
http://www.qmvet.de/reptilien/ stadtgruppe_MUC.htm). 
Entries at the Blog of the Zoologische Staatssammlung München (http://www.zsmblog.de/) 
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2.4 Abbreviations and Glossary 
Abbreviations: 
COI Cytochrome C Oxidase subunit I, the standard marker for DNA barcoding 
IUCN International Union for Conservation of Nature 
LGM Last Glacial Maximum, the latest cold period of the Ice Ages 
LSID Life Science Identifier, a unique identification number for taxa 
mtDNA mitochondrial DNA 
my million years 
mya million years ago 
nDNA nuclear DNA 
ZSM Zoologische Staatssammlung München (Bavarian State Collection of Zoology, 
Munich) 
 
Glossary:  
Allopatry Species or populations occuring in geographically separate areas 
Biogeography The discipline of biology that studies the past and present geographical distribution 
of organisms. 
Conspecific Belonging to the same species. 
Cryptic species Species that are discovered as new although they were previously not recognized 
as separate species, usually because they are genetically distinct but 
morphologically very similar. 
Cybertaxonomy A term subsuming some recent developments that are supposed to make  
taxonomy more efficient and to increase the availability of the results of taxonomic 
work, i.e., internet databases, online publication, etc. 
Dispersal Movement of an organism away from its population or parent. Dispersal allows for 
the founding of new populations in previously uncolonized areas and maintains 
gene flow within a  metapopulation.  
DNA barcoding Method of identifying organisms by sequencing a short standardized fragment of 
their DNA, the 'DNA barcode'.  
Ecological Niche 
Modeling 
Method of estimating the potential distribution of an organism by using 
mathematical models to extrapolate from known occurrence localities and 
ecological background data, e.g., climate. 
Endemic Organism that lives only in a clearly circumscribed region, e.g., an island 
Entomology The discipline of biology that studies insects. 
Epigean Living on the surface of the earth, not in subterranean habitats. 
Habitat island A patch of any kind of habitat surrounded and isolated by a different kind of habitat, 
e.g., a mountain surrounded by plains, a patch of forest surrounded by grassland, 
a lake surrounded by land. 
Herpetology The discipline of biology that studies reptiles and amphibians. 
Integrative 
taxonomy 
 Taxonomy that is based on evidence of more than one kind, e.g., genetic, 
ecological, bioacoustics. 
Island In  biogeography: a patch of land surrounded by water, but also a  habitat 
island. 
Metapopulation A group of populations which are isolated from one another to a certain degree, but 
not completely.  Dispersal of individuals allows for the exchange of genes 
between the populations and for the re-colonization of areas that were previously 
occupied by extinct populations.  
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Molecular clock Technique that uses rates of mutation (molecular change) to estimate at what point 
in geological history lineages of organisms diverged 
Monophyletic  Taxonomic group that comprises a common ancestor and all of its descendants. 
Morphology In biology: The study of characters of the form and structure of organisms 
Nomenclature  In biology: The discipline of biology that studies how  taxa should be named. 
Closely related to  taxonomy. Biological nomenclature is determined by the rules 
of internationally accepted codes, e.g., the International Code of Zoological 
Nomenclature. 
Oceanic island An  island that has never had any connection to any other landmass. Mostly of 
volcanic origin.  
Pangea Ancient 'supercontinent' that existed between ca. 300 and 200 mya and comprised 
all later separate continents in a single landmass. 
Parapatry Species or populations occurring in geographically adjacent areas. 
Paraphyletic  Taxonomic group that comprises a common ancestor and some, but not all, of 
its descendants. 
Peripatry A species or population occurring in a small area geographically or ecologically 
isolated from the original area. 
Phylogeny A hypothesis about the evolutionary history of a  taxonomic group, including 
information on ancestral relations between  taxa. 
Pleistocene 
climate 
oscillations 
The Ice Ages. Repeating shifts between warmer and colder climate in the 
Pleistocene period (2.6 to 0.01 mya).  
Polyphyletic Any  taxonomic group that is neither  mono- nor  paraphyletic, usually 
comprising some forms but not their common ancestor. 
Speciation The process of evolution that leads to new species. 
Species concept Scientific theory that attempts to define what a species is. About 30 species 
concepts are recognized at present. 
Sympatry Species or populations occurring in the same geographical area. 
Taxon A group of organisms that are considered as a group based on common ancestry 
or similarity. Taxa usually have ranks, such as species, subspecies, genus, family, 
etc. According to many authors, taxa must be  monophyletic. 
Taxonomy The discipline of biology that studies which organisms belong to which  taxon 
and describes new taxa (species and others) scientifically. 
Tectonic Here: referring to the theory of Plate Tectonics which describes movements of the 
Earth's crust in geological history. 
The Species 
Problem 
The problem of how to define what a biological species is, and how to agree on 
which organisms belong to which species. 
Unified Species 
Concept 
 Species concept that sees all species – rather abstract – as 'separately evolving 
metapopulation lineages' and accepts all previous species concepts as 'operational 
criteria' that help delimiting species. 
Vicariance The phenomenon of related species that are geographically isolated but descend 
from an earlier common population that was split by geological events (e.g., plate 
tectonics or an increase of sea levels).  
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3 Introduction 
3.1 Speciation 
 
"That mystery of mysteries" 
Charles Darwin on the origin of species, referring to John Herschel 
 
"The law of the higgledy-piggledy" 
John Herschel on Darwin's theory on the origin of species 
 
One of the most fundamental functions of human perception and communication is to classify 
objects by assigning them categories for memorization and names for communication. 
Therefore, human beings have always classified and recognized organisms they shared their 
environment with. They found that individual organisms can be assigned to a variety of kinds 
that are called species in biology (WILLIAMS & BAINES 1993). 
Antique philosophers already posed the question whether organisms were fixed to 'eternal' 
forms or whether there was some kind of gradual development between these forms. Pre-
Socratic philosophers in Greece of the 6
th
 century BC, such as ANAXIMANDER OF MILETUS and 
EMPEDOCLES, proposed that one type of animal could descend from another, and that humans 
originated from another kind of animal (KIRK et al. 1983). In the Chinese Taoist philosophy, 
constant transformation is one of the fundamental principles, and records of the ideas of 
changing species are dated back as far as to the 4
th
 century BC (NEEDHAM & RONAN 1995). 
Other philosophers, such as PLATO and ARISTOTLE, opposed the concept of changing species, 
believing that species had a fixed form unchanging throughout time. This so-called essentialist 
view often attributed to an 'ideal form' or 'final cause' of existence to species (SINGER 1931).  
In the Medieval, Renaissance, and Enlightenment periods, Christian European scholars 
generally regarded the Genesis creation narrative of the Bible rather as an allegory than as an 
account of historical facts, and nature was seen as a subject to change and instability (FORSTER 
& MARSTON 1999, BOWLER 2003). This thinking was influenced by antique philosophers and 
Islamic scholars (LOVEJOY 1936). Essentialism gained importance only after the Protestant 
Reformation that promoted a more literal interpretation of the Bible (HARRISON 2007). Early 
taxonomy, consequently, was based largely on the assumption that species were fixed and 
unchanging categories of organisms (JOHNSTON 1999, but see WILKINS 2006). 
With the publications of DARWIN (1859, 1871) and WALLACE (1870, 1889), evolution through 
natural selection was formed as a scientific theory. This theory initially faced many opponents. 
It was rejected because it disagreed with the contemporary religious and essentialist views that 
species were unchanging and divine creation (DEWEY 1910, LARSON 2004), but also because it 
was considered too speculative to meet the requirements of contemporary strict empiric science 
(SARASIN 2009): JOHN HERSCHEL, who greatly influenced Darwin's work, initially called the 
theory on the origin of species the "law of the higgledy-piggledy" because of its lack of 
26 
 
empirical proof. Nevertheless, Darwin's examples – and the support of those who initially 
agreed with his theory, such as THOMAS H. HUXLEY and ALFRED R. WALLACE (BOWLER 2003) 
– convinced the majority of biologists in the following decades that species originated in the 
process of evolution. However, the idea that this evolution was caused by natural selection was 
not widely accepted. In the 20
th
 century, the development of genetics as a discipline of biology, 
following the rediscovery of MENDEL'S work (BOWLER 2003), gave rise to the discipline of 
population genetics. Population genetics finally determined natural selection as the driving 
factor of evolution and tied it to a genetic fundament (HALDANE 1924, FISHER 1930, WRIGHT 
1932). In the 1930s and 1940, the previous mainly theoretical works on population genetics 
were backed by examples from the real world and connected with insights from other biological 
disciplines in the modern evolutionary synthesis. The most prominent works were published by 
DOBZHANSKY (1937), who provided evidence that natural selection was based on a far higher 
amount of genetic diversity in natural populations than previously believed, and MAYR (1942), 
who emphasized the importance of geographical isolation for the evolution of species. The 
modern synthesis gave rise to the discipline of evolutionary biology. The present-day view of 
evolution in biology is principally based on the modern evolutionary synthesis, with 
contributions from molecular genetics, epigenetics, and genomics. 
The modern evolutionary synthesis addressed, among many others, the question on the 
geographic and environmental settings under which speciation, i.e., the evolutionary process by 
which new species originate, can happen. The four general modes of speciation recognized are 
(see also COYNE & ORR 2004): (1) Allopatric speciation: The population of a species is split 
into two geographically isolated populations. In separation, these populations diverge due to 
different selection regimes, genetic drift, and different mutations. If the populations come into 
contact at a later point, they may diverge so strongly that they are no longer capable of cross-
breeding and exchanging genes. (2) Peripatric speciation: A species colonizes a geographically 
isolated (smaller) area or an ecologically isolated niche. If there is little or no gene flow between 
the original and the new peripheral population, speciation occurs as in the allopatric model. (3) 
Parapatric speciation: This model is similar to allopatric speciation, but populations inhabit 
adjacent instead of completely isolated areas or niches. Nevertheless, if gene flow is sufficiently 
reduced, the populations will eventually diverge and become species. (4) Sympatric speciation: 
In this mode of speciation, species form without any kind of geographical barrier. Reproductive 
isolation occurs through sexual selection, assortative mating, niche diversification, genomic 
differences such as polyploidization, or hybrid formation (COYNE & ORR 2004). MAYR and 
other evolutionary biologists rejected the idea that sympatric speciation might play more than a 
minor role in the origin of species. In the last decades, many researchers found evidence that, 
while allopatric speciation is the more common pattern, sympatric speciation happens more 
often than previously believed (FUTUYMA & MAYER 1980, SCHLIEWEN et al. 1994, VIA 2001).  
Speciation under any of the models introduced above does not take place at constant pace in 
geological history (BARRACLOUGH & NEE 2001). Many species were found to be the product of 
radiations, i.e., events in which many new species develop from one ancestral species, usually in 
relatively short evolutionary time (BOAG & GRANT 1981). The radiation of the famous 
Galápagos finches is often cited for its major impact on DARWIN'S theory of natural selection. 
Most authors speak of 'adaptive radiation' to denote that speciation in this case is promoted by 
divergent adaptions of the incipient species. However, as argued by GITTENBERGER (1991), 
radiations need not necessarily be adaptive, and some examples for such non-adaptive radiation 
events have been described (GITTENBERGER 1991, SCHLUTER 2000, SCHÖN & MARTENS 2004).  
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3.2 Species concepts and species delimitation 
3.2.1 The species problem – a century of debate 
One of the necessary prerequisites for the study of speciation is that biologists recognize species 
as distinct entities. In pre-Darwinian systematic biology, beginning with LINNAEUS (1758), 
species were defined, delimited, and described based on the expert knowledge and estimation of 
the taxonomists – thus, in a systematic, but arbitrary fashion. DARWIN (1859) centered his work 
on species, but did not provide a clear definition of species, writing: "No one definition has 
satisfied all naturalists; yet every naturalist knows vaguely what he means when he speaks of a 
species". With an increasing number of known and described species, however, researchers 
found that individual taxonomists might disagree on the definition of species: where some 
recognized distinct species, others saw mere intraspecific variation (MAYR 1942). At this point, 
the 'species problem' was recognized, and the debate on the definition of species was initiated. 
This debate has been led by generations of scientists in the past and now (SIMPSON 1961, MAYR 
1963, DE QUEIROZ & DONOGHUE 1988, O'HARA 1993, BAUM & SHAW 1995, RICHARDS 2010). 
Today, taxonomists are facing the task of recording an estimated 2 to 5 million (or more) 
species of organisms on earth, of which only around 1.5 million have been described so far 
(COSTELLO et al. 2013). Many species remain to be discovered even in regions that are thought 
to be well known (VAN ACHTERBERG et al. 2012). Therefore, the species problem deserves and 
receives increased attention. 
The first modern definition of what a species is, i.e., the first species concept, was the biological 
species concept of MAYR (1942) and DOBZHANSKY (1950) (see also WRIGHT 1940). MAYR 
defines: "Species are groups of actually or potentially interbreeding natural populations, which 
are reproductively isolated from other such groups". This reproductive isolation is primarily 
based on intrinsic barriers to reproduction, e.g., incompatibility of genitals or decreased fitness 
of offspring resulting from interbreeding, as opposed to extrinsic, i.e., geographic, barriers to 
reproduction. The biological species concept has been accepted widely for a long time, but it is 
connected with a number of drawbacks. Hypotheses on the existence or absence of intrinsic 
reproductive barriers are hard to falsify and were tested only in a minor number of cases, 
organisms with asexual reproduction cannot be distinguished using the biological species 
concept, and the many cases of hybridization in nature present problems for the application of 
this concept (DE QUEIROZ 2005). PATERSON (1985) and MASTERS et al. (1987) extended the 
biological species concept by the component of mate recognition, but this did not solve the 
problems just stated.  
In the 1970s, biologists began to debate other means of defining species, and many new species 
concepts have been presented until now. These species concepts were based on phenetic, 
ecological, genetic, or phylogenetic criteria (Table 1). The advantage of these species concepts 
is that they, in addition to theoretical definitions of what a species is, attempt to use some kinds 
of quantitative or distinct qualitative data to delimit species. Therefore, I use the term 'empiric 
species concepts' for these concepts, with respect to the theory of knowledge in which 
"knowledge comes only or primarily from sensory experience" (BAIRD & KAUFMANN 2008). 
None of these concepts found acceptance as wide as the biological species concept because the 
application of different species concepts, based on different kinds of data, often led to 
contradictory results (HAUSDORF 2011). Other authors attempted to overcome this disadvantage 
by publishing concepts that defined species on a much more abstract level, e.g., in the 
evolutionary species concept (SIMPSON 1951, WILEY 1978, MAYDEN 1997) and the general 
28 
 
lineage concept (DE QUEIROZ 1998; Fig. 2). These species concepts focused much more on the 
theoretical development of the understanding of what a species actually is, and they could be 
applied to almost any kind of organism. I therefore call them 'rationalist species concepts', 
with respect to the theory of knowledge in which "the criterion of the truth is not sensory but 
intellectual and deductive" (BOURKE 1962; see also 'lineage-based species concepts: HAUSDORF 
2011). Rationalist species concepts considerably improved our understanding of how to define 
species. However, testing these proposed criteria in practice and applying them to species 
delimitations and descriptions is difficult because these concepts do not directly include the 
possibility of supporting the species delimitations with any kind of data. 
 
Table 1: An overview over species concepts, or operational criteria of the Unified Species Concept 
according to DE QUEIROZ (2007). 
Concept Species definition Advocates Type 
Biological Reproductive isolation through intrinsic barriers 
MAYR (1942), 
DOBZHANSKY (1950) 
empiric 
Recognition Reproductive isolation through mate recognition 
PATERSON (1985), MASTERS 
et al. (1987) 
empiric 
Phenetic Quantitative detectable difference in phenotype 
MICHENER (1970), SOKAL 
& CROVELLO (1970), 
SNEATH & SOKAL (1973) 
empiric 
Diagnosability Qualitative detectable difference in phenotype 
NELSON & PLATNICK 
(1981); CRACRAFT (1983); 
NIXON & WHEELER (1990) 
empiric 
Ecological Ecological niche or adaptive zone 
VAN VALEN (1976), 
ANDERSSON (1990) 
empiric 
Genotypic cluster 
No genetic intermediates, e.g., heterozygotes, 
between species 
MALLET (1995) empiric 
Cohesion Genetic and / or demographic exchangeability  TEMPLETON (1989, 1998) empiric 
Monophyly Monophyly 
DONOGHUE (1985), 
MISHLER (1985) 
empiric 
Coalescence Exclusive coalescence of alleles BAUM & SHAW (1995) empiric 
Genic 
No sharing of genes that control adaptive 
characters 
WU (2001), WU & TING 
(2004) 
empiric 
Differential 
fitness 
Characterized by features that would have 
negative fitness effects in other species 
HAUSDORF (2011) empiric 
Evolutionary 
Unique evolutionary role, tendencies, and 
historical fate 
SIMPSON (1951), WILEY 
(1978), MAYDEN (1997) 
rationalist 
General Lineage Separately evolving metapopulation lineage DE QUEIROZ (1998) rationalist 
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In his review of species concepts, DE QUEIROZ 
(2007) proposed that "the issues of species 
conceptualization and species delimitation are 
clearly separated" (see also HART 2010). He 
argued that already DARWIN'S (1859) concept of 
species had a conceptual and a taxonomic 
component. DE QUEIROZ further proposed that all 
species could be seen as separately evolving 
metapopulation lineages, as defined in his general 
lineage concept (DE QUEIROZ 1998) based on 
earlier evolutionary species concepts (SIMPSON 
1951, WILEY 1978, MAYDEN 1997). However, 
this concept alone (termed 'rationalist' by me) does 
not provide evidence whether lineages are 
separated or not. Instead, all 'secondary' species 
concepts – here termed 'empiric' species concepts 
– can provide evidence for lineage separation and 
are therefore maintained as 'operational criteria' 
for species delimitation. DE QUEIROZ (2007) 
termed this concept the 'Unified Species Concept'. 
Criticism of the Unified Species Concept is mostly 
not directed against the idea of unifying 
operational criteria, but against the use of the 
general lineage concept as an overarching concept. 
HAUSDORF (2011) writes: "It is circular to define a 
species as a sequence of (meta-)populations, 
because it is part of the definition of 'population' 
that the organisms that form a population belong 
to the same species." Despite this criticism, the 
Unified Species Concept has found wide 
acceptance among researchers in systematic and 
evolutionary biology (PADIAL et al. 2009, 2010). 
 
3.2.2 Species delimitation in an integrative approach 
The application of operational criteria based on different kinds of evidence, as suggested in the 
Unified Species Concept, is similar to the ideas at the base of integrative taxonomy, and many 
authors who advocated any integrative taxonomic approaches referred to the Unified Species 
Concept (PADIAL et al. 2009, 2010).  
The idea of using evidence from different kinds of data, e.g., on morphology, genetics, ecology, 
etc., is not particularly new (PORTER et al. 1991, ARNTZEN & WALLIS 1999). However, the 
demand that "an integrative taxonomy grounded on evolutionary theory is necessary to 
accomplish a reliable inventory of Earth’s biodiversity" (PADIAL et al. 2009) was clearly 
formulated and widely accepted only in the 21
st
 century. Its roots, as made clear by the authors, 
are to be found in (1) the lineage-based (i.e., rationalist) species concepts which imply that no 
single trait (e.g., reproductive isolation, morphological differentiation) can be considered 
necessary to define a species, and (2) the 'taxonomic renaissance' accompanied by the shift in 
Figure 2: Simplified sketch showing a 
speciation event. Modified after DE QUEIROZ 
(1998, 2007). A single lineage (blue) splits 
into two divergent lineages (red and yellow). 
Below the zone of green lines, a single species 
is recognized unambiguously, while above the 
zone of green lines, two species are 
recognized unambiguously. In the zone 
between the lines, disagreement over the 
number of species (1 vs. 2) is possible, 
depending on which species concept is 
applied. 
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taxonomic science from an often purely descriptive to a hypothesis-based discipline (MALLET & 
WILLMOTT 2003, MILLER 2007, HASZPRUNAR 2011) and facilitated by technological advances 
and easier access to taxonomic information (PADIAL et al. 2010).  
PADIAL et al. (2010) distinguish between two basic approaches in integrative taxonomy, called 
integration by cumulation and integration by congruence. In the former, all lineages that can be 
distinguished in at least one of the lines of evidence studied will be recognized as species. In the 
latter, a selected minimum number of lines of evidence (e.g., 2 or 3) must provide congruent 
evidence for the differentiation of a lineage from other lineages to allow its recognition as 
species. Consequently, integration by cumulation is prone to lead to alpha-errors in species 
recognition: lineages may be erroneously recognized as species due to detected differences in a 
line of evidence, even if these differences represent only intraspecific variation. Integration by 
congruence, on the other hand, is prone to lead to beta-errors: cryptic or young species may not 
be detected because evidence for differentiation cannot be found in a sufficient number of lines 
of evidence. 
Table 2: Definitions of categories of candidate species after VIEITES et al. (2009). 
Unconfirmed Candidate Species 
(UCS) 
Confirmed Candidate Species 
(CCS) 
Deep Conspecific Lineage  
(DCL) 
Default category for detectable 
genealogic lineages of unknown 
status, usually detected via genetic 
methods (e.g., DNA Barcoding or 
16S rRNA screening) and via a 
threshold of divergence known to be 
typical for the molecular marker and 
the respective group. Data deficient 
for other lines of evidence, e.g., 
morphology, ecology, other 
molecular characters. 
Lineages characterized by a 
detectable genetic divergence (not 
necessarily above the threshold) 
from all described species and at 
least one of the following criteria: 
a) Distinct differentiation in a 
character that mediates a 
reproductive barrier (e.g., 
advertisement calls, genital 
morphology, mode of reproduction) 
b) Diagnostic morphological 
difference in a character that is 
known to be of high value to 
discriminate species in the 
respective group 
c) Sympatric occurrence with 
another lineage without admixture 
and with at least some phenotypic 
difference  
Genealogic lineages found to 
diverge from other lineages above a 
threshold of divergence known to be 
typical for the molecular marker and 
the respective group. One of the 
following must apply: 
a) No distinct differentiations in any 
characters that mediate a 
reproductive barrier  
b) No differences in any other line 
of evidence, or only subtle 
differences in characters that are 
known to be of low value to 
discriminate species in the 
respective group 
c) Indications for genetic admixture 
with other lineages 
 
PADIAL et al. (2010) also proposed a 'Consensus Protocol' of integrative taxonomy that 
incorporates aspects of the Candidate Species Approach by VIEITES et al. (2009). This protocol 
if different from the basic approaches of cumulation and congruence in that it does not require 
any a-priori selection of the numbers of lines of evidence that have to be met for the recognition 
of a lineage as species. Instead, the quality of lines of evidence is taken into account (Table 2). 
Any character that mediates sexual isolation, or that distinguishes syntopic lineages, or that can 
clearly be attributed to the separation of evolutionary lineages, is sufficient for the recognition 
of a lineage as species. The problems connected to this approach are that closely related species 
often do not live in syntopy, and that the value of most characters for sexual isolation or lineage 
separation is not clear. Therefore, the application of the Consensus Protocol to taxonomic 
studies on many groups of organisms will most likely be inhibited by a lack of knowledge on 
the quality of the characters studied. 
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In such cases in which the quality of taxonomic characters for lineage separation is not clearly 
known, a simpler approach based on the basic methods of cumulation and congruence is 
required. MIRALLES et al. (2011) used the simplest agreement between these two methods, an 
approach of integration by partial congruence. They studied three lines of evidence (mtDNA, 
nDNA, morphology) and recognized all lineages that were congruently differentiated in at least 
two of these lines of evidence as species. Additionally, they recognized all lineages with 
differences in only one line of evidence as subspecies (Table 3). The a-priori selection of a 
certain number of lines of evidence for species recognition is necessarily arbitrary. However, in 
combination with taxonomic expertise it still reduces the probability of errors in taxonomic 
descriptions. The approach of MIRALLES et al. (2011) was successfully applied in a subsequent 
case study (VASCONCELOS et al. 2012). 
Table 3: The integrative Lines of Evidence approach for the delimitation of species and subspecies after 
MIRALLES et al. (2011).  
Match in 0 lines of evidence Match in 1 line of evidence Match in 2+ lines of evidence 
conspecific subspecies  species 
 
 
3.2.3 Taxonomy in the 21st century – DNA barcoding and cybertaxonomy 
In most studies with an integrative taxonomic approach, some kind of genetic data is used for at 
least one line of evidence. Often, candidate species will even be detected by preliminary genetic 
screening (proposed in VIEITES et al. 2009; see also MILLER 2007, ASTRIN et al. 2012). In the 
last decade, this method of genetic survey was institutionalized as DNA barcoding. HEBERT et 
al. (2003) established the mitochondrial Cytochrome C Oxidase subunit I (COI) gene as 
standard DNA barcoding region for animals. In the following years a multitude of studies on 
various applications of DNA barcoding was published (ARMSTRONG & BALL 2005, 
SAVOLAINEN et al. 2005, BALL & ARMSTRONG 2006, SCHEFFER et al. 2006, HAJIABAEI et al. 
2007, RATNASINGHAM & HEBERT 2007, GONZALEZ et al. 2009, JANZEN et al. 2009, 
HASZPRUNAR 2009, LOWENSTEIN et al. 2010, HAUSMANN et al. 2011). The method has become 
popular as a quick and technically easy approach that does not require expert knowledge once 
reliable databases have been established. However, it has been shown to be of limited value to 
infer phylogenetic relationships (MEYER & PAULAY 2005, VENCES et al. 2005). Nevertheless, 
the first step in many phylogenetic studies is DNA barcoding of the samples to provide a 
'preview' of the topology and set the course for a multigene analysis (MONAGHAN et al. 2006, 
HENDRICH et al. 2010). Many studies in biodiversity research have demonstrated that DNA 
barcoding is also extremely helpful to analyze large datasets that are assumed to comprise many 
unknown species; known species can be identified with high reliability, and sequences of 
unidentified specimens can be clustered to form operational taxonomic units (or 'barcoding 
species'; HEBERT et al. 2003, 2004). 
Many case studies on DNA barcoding focused on insects, likely because this group of animals 
poses the strongest challenges to modern taxonomy (ARMSTRONG & BALL 2005, BALL & 
ARMSTRONG 2006, SCHEFFER et al. 2006, NOVOTNY et al. 2007). A DNA barcoding study on 
Australian diving beetles, one of the two focus groups of this dissertation, was conducted by 
HENDRICH et al. (2010). This study was important for this dissertation because it highlighted 
potential cryptic species, as well as morphologically clearly defined species that could not be 
identified by DNA barcoding. In herpetology, the DNA barcoding approach as proposed by 
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HEBERT et al. (2003) remained less popular until the last few years, mainly because of the lack 
of a standardized and reliable protocol for COI (VENCES et al. 2005). NAGY et al. (2012) 
published one of the first larger-scale DNA barcoding studies on reptiles, focusing on the fauna 
of Madagascar. This study was important for this dissertation because it (already before its own 
publication) provided sequence data that was important to study the phylogenetic and 
biogeographic relationships of Comoran reptiles, the second focus group of this dissertation. 
Scientists welcomed DNA barcoding because they had understood far earlier that the traditional 
methods of taxonomy alone, i.e., identifying species using keys based on morphological 
characters, would not be sufficient to cope with the task of describing and identifying an 
unknown, but definitely overwhelming, number of species on Earth (PIMM et al. 1995, 
WHEELER 2004). Integrative taxonomy appears to be an extremely helpful approach in reliably 
delimiting species, but does not accelerate the process of species identification and description. 
Therefore, in the last decade, taxonomists began to promote the use of online resources for 
species identification and description, subsumed under the term 'Cybertaxonomy' (HENDRICH et 
al. 2009, WINTERTON 2009, VENIN et al. 2010, HENDRICH & BALKE 2011, PENEV et al. 2011). 
Cybertaxonomy aimed at making taxonomic work easier and more efficient by increasing the 
availability of taxonomic resources and facilitating the propagation of new taxonomic data. 
Online databases were among the first steps that were taken in this approach. The deposition of 
newly produced DNA sequence data in GenBank (2013) has been accepted as a universal 
standard in molecular biology for many years. Many biological collections likewise put effort 
into making their data available online, as demonstrated in HerpNet (2013). Independent 
databases such as AmphibiaWeb (2013) and the Reptile Database (UETZ et al. 2013) provide 
taxonomic, nomenclatural, and distributional information on the organism groups they cover. 
Species-ID (2013) attempts to provide reliable information on the biology and taxonomy of 
species that is contributed by experts and backed by references. Identification keys to species 
are available online, e.g., at online-keys.net (2013). Finally, many peer-reviewed scientific 
journals publish online and under the open-access policy. All these developments contribute 
towards making access to the global vast amount of taxonomic information, formerly one of the 
major impediments to taxonomic and nomenclatural research (see, e.g., GLAW et al. 2007, 
CADLE & INEICH 2008), easier and more efficient.  
The online distribution of previously available taxonomic information is limited only by the 
motivation of experts to put effort into this issue, and by the copyrights on taxonomic 
publications retained by publishers. In contrast, the descriptions of new species were until very 
recently tied to publication in printed form, as demanded by the codes of the ICZN 
(International Commission on Zoological Nomenclature) and ICBN (International Commission 
on Botanical Nomenclature). With the amendment to the International Code of Zoological 
Nomenclature (ICZN 2012: 1–7) of 4th September, 2012, the descriptions of new species of 
animals in electronic media only are now valid if the new species are given an LSID at 
ZooBank (2013) (see also PYLE & MICHEL 2008 and ZHANG 2012). ZooBank is a database that 
aims at collecting information on described species of animals and tagging these species with a 
unique identification number and a permalink that will allow their permanent and unambiguous 
identification. With this new option, taxonomists will not only have easier access to previously 
generated taxonomic information, but will also have it easier to distribute newly generated 
taxonomic information by themselves. It therefore marks another important step in the 
'taxonomic renaissance' (MILLER 2007).  
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3.3 Biogeography of insular and continental regions 
The discipline of biogeography addresses questions on how organisms are distributed on the 
planet, and how these distributions have developed in geological history. The study of 
biogeography goes back to the turn of the 18
th
 and 19
th
 centuries, when VON HUMBOLDT (1805) 
worked on the geographical distributions of plants. Soon the potential of islands as study 
systems of biogeographic questions was recognized (DARWIN 1845, WALLACE 1876). The 
'Theory of Island Biogeography' (MACARTHUR & WILSON 1963, 1967) established island 
biogeography as a field of study in its own right. WHITTAKER & FERNÁNDEZ-PALACIOS (2007, 
p.3) summarize the importance of islands in biogeography as follows: 
"It is that islands, being discrete, internally quantifiable, numerous, and 
varied entities, provide us with a suite of natural laboratories, from which 
the discerning natural scientist can make a selection that simplifies the 
complexity of the natural world, enabling theories of general importance 
to be developed and tested."  
Among the most important insights in biology gained from the study of island systems is that 
true islands, i.e., small areas of land surrounded by water, are very similar to patches of any 
kind of habitat that are isolated from one another by a different type of habitat (Fig. 3). These 
may be patches of forest isolated by natural or anthropogenic forest-free area, coral reefs 
isolated by open sea, lakes or ponds isolated by dry land, or mountains isolated by valleys 
(WILSON & BOSSERT 1971). As described in MACARTHUR & WILSON (1967), such habitat 
islands basically follow the same rules as 'true' islands in the sea: the compositions of their 
biotas are mainly defined by the size of the islands, the degree of isolation in space and time, 
and the dispersal abilities of potentially colonizing species. 
Figure 3: Types of 'islands' in biogeography. A: Stands of trees isolated by grassland represent islands 
for tree-dwelling mammals. Stands of only few trees may be too small to support a population. B: Two 
types of islands are shown in this mountain range. For terrestrial plants adapted to high-altitude climate, 
the mountaintops represent islands. For freshwater species, the lakes in the valleys represent islands. C: 
For insects that depend on a certain plant for larval nutrition, these plants (if isolated in a meadow) 
represent islands. D: Hydrothermal vents are islands under the ocean.  
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WALLACE (1902) distinguished three major types of islands (Fig. 4). (1) Continental islands, 
e.g., Britain, Zanzibar, and Borneo, are islands that are situated on the continental shelves. They 
are isolated from the continent and from other islands at higher sea levels, but are connected 
during periods of lower sea levels. (2) Continental fragments, e.g., Sicily, Cuba, and 
Madagascar, are landmasses that once were connected with a continent. Through tectonic drift 
they were cut off from the continent and are now isolated by open sea. (3) Oceanic islands, e.g., 
the Canaries, the Galápagos, and the Comoros, have originated mostly from volcanic activity 
and have never had any connection to any other landmass. Because of these properties, such 
islands can be colonized in natural ways only by organisms that are capable of dispersal across 
the open ocean. This makes oceanic islands (also called 'true oceanic islands') particularly 
interesting for studies on the genesis and function of organism communities (MACARTHUR & 
WILSON 1967, EMERSON 2002, HEANEY 2007, WHITTAKER et al. 2008). 
Figure 4: Types of islands in the sea after WALLACE (1902). A: Continental islands are situated on the 
continental shelves and are only isolated from the continent during periods of higher sea level. B: 
Continental fragments are parts of continents that disconnect from the continent through tectonic drift, 
thus forming islands. C:  'True oceanic islands' are created by the activity of marine volcanoes. They 
emerge from the sea and later sink (after erosion) without ever having been connected to any other 
landmass.  
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Continents present much more complex biogeographic scenarios than islands in the sea because 
continents are larger, older, and have a much more complex habitat structure than islands 
(EMERSON 2002). As described above, island-like scenarios may also be represented by habitats 
in continental settings. Large-scale studies on continental biogeography, however, show that the 
factors mainly influencing island biogeography are of lower importance in continental settings, 
if compared with climate and climate change (PRENTICE et al. 2000, RIBERA & VOGLER 2004) 
and plate tectonics (COX 2000, UPCHURCH et al. 2002, SANMARTÍN & RONQUIST 2004).  
In continental and island scenarios alike, disjunct distributions can be explained by dispersal or 
vicariance scenarios (Fig. 5). During the late 20
th
 century vicariance was seen as the far more 
common explanation for disjunct distributions (ROSEN 1975, PLATNICK 1976, WILEY 1988). 
The importance of dispersal was deemed to be low for all systems except oceanic islands 
(CROIZAT 1958, CRAW 1984, HEADS 2004), in part because dispersal scenarios cannot easily be 
falsified: almost any kind of distribution pattern can theoretically be explained by dispersal 
(MORRONE & CRISCI 1995). Most likely this was a drastic underestimation, as shown in many 
studies of the last decades (WAGNER & FUNK 1995, WINKWORTH et al. 2002, VENCES et al. 
2003, ESPELAND & MURIENNE 2011, RENNER et al. 2010). Not only has dispersal been 
demonstrated to be of higher importance in non-oceanic island systems, but evidence has also 
been provided that long-distance dispersal across oceans – although still considered unlikely by 
some authors (HEADS 2009) – can explain the biogeography of many continental organisms 
(CARRANZA et al. 2000, RENNER et al. 2010).  
Figure 5: Vicariance and dispersal. A: The ancestors of vicariant species formerly inhabited a large 
range comprising the now disjunct ranges of the extant species. B: Alternatively, the ancestral range 
comprised only one part of the extant disjunct range, and the other parts were colonized via dispersal 
from the inhabited range after disjunction.  
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Thus, biogeographic studies on continents, continental fragments, and continental islands are 
often complicated by many unknown parameters of paleoclimate, tectonics, and the modes of 
colonization of their inhabitants. In oceanic islands, these parameters are of lower relevance. 
Due to the volcanic nature of most oceanic islands, estimates of the geological age are available 
for many of them, and biologists often relied on these data in attempts to time biogeographic 
events connected with the islands (HO & PHILLIPS 2009, VANDERPOORTEN et al. 2010). In 
particular, many molecular clock studies have used endemic populations from oceanic islands as 
calibration points, under the assumptions that (1) the split between such a population and its 
ancestral population cannot be older than the island it lives on and (2) the ancestors of extant 
endemics likely colonized 'their' islands shortly after emergence because later colonizers would 
be unable to establish a population due to competition with already present organisms (see 
review in HEADS 2011). Assumption (2) stands in contrast to MACARTHUR & WILSON (1967) 
who stated that island biotas were highly influenced by extinction and species turnover. 
However, some studies apparently provided evidence that islands of oceanic archipelagoes were 
indeed colonized, at least by some organism groups, in the order of their geological age. This 
was termed the 'Progression Rule' (FUNK & WAGNER 1995). HEADS (2011) argued that, 
although the biogeography of some organisms on oceanic islands appears to follow the 
Progression Rule, the pre-assumptions connected to this rule often lead to erroneous results 
because clades may be older or younger than the island they are endemic to, and because the 
geological age estimates for the islands may be incorrect. FUNK & WAGNER (1995) and 
WHITTAKER & FERNÁNDEZ-PALACIOS (2007) also propose a number of scenarios alternative to 
the progression rule (Table 4). 
Table 4: Biogeographical-evolutionary patterns of organisms on oceanic islands after FUNK & WAGNER 
(1995) and WHITTAKER & FERNÁNDEZ-PALACIOS (2007). 
Pattern Explanation 
Progression Rule Phylogeography corresponding to the geological age of the islands of the archipelago  
Intraisland radiation (Sympatric) speciation within a single island 
Stochastic 
Apparent stochasticity in distribution in relation to the geological history of the 
archipelago 
Back-dispersal Dispersal from geologically younger to older island 
Progressive clades and 
grades 
Generally following progression rule, assemblages of species endemic to the same 
island corresponding to clades or to grades within the group 
Terminal resolution 
Phylogeography of basal taxa in the study group unresolved, possibly because of 
evolution in now submerged islands 
Recent colonization 
Colonization of the archipelago much more recent than the geological origins of the 
islands, therefore no relation between phylogeography and geological history 
Extinction Phylogeography influenced by extinction events 
Unresolved 
Available data allowing no clear estimation of the biogeographical-evolutionary 
scenario 
Repeated colonization 
Study groups does not form any monophyletic group, but is the result of more than one 
colonization events of the archipelago 
Fusion of paleoislands 
Sister taxa originated on formerly separate islands that fused to a single extant island; 
now occurring there in sympatry 
 
I will attempt to find evidence in this dissertation whether the Progression Rule or any other 
biogeographical-evolutionary pattern can be applied to Comoran reptiles. Additionally, I will 
explore the various factors that influence island and continental biogeography.  
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3.4 Study system I: reptiles of the Comoros Islands 
3.4.1 Reptiles in systematic biology 
In traditional taxonomy, the vernacular term 'reptiles' was applied to the taxon 'Reptilia', a taxon 
of the class rank within the vertebrates (LAURENTI 1768). Originally, they were even grouped 
with the amphibians by LINNAEUS (1758). In a modern taxonomy, which is based on the 
insights gained from cladistics and phylogenetic systematics (HENNIG 1966), 'Reptilia' cannot 
any longer be maintained as a taxon that meets the criterion of monophyly. 'Reptilia', including 
turtles, tortoises, crocodylians, and all groups of lizards and snakes, is paraphyletic with respect 
to dinosaurs and birds. 'Reptiles' circumscribes just the same assemblage of tetrapods as the old 
'Reptilia' but, being a merely vernacular term, does not imply any taxonomical significance. 
Nevertheless, mainly to avoid misunderstandings, many authors argued that 'reptiles' was too 
similar to the invalid 'Reptilia' and should therefore not be used in the scientific communication 
(TUDGE 2000).  
Figure 6: Native reptiles of the Comoros Archipelago. A: Amphiglossus johannae (Scincidae). B: 
Furcifer polleni (Chamaeleonidae). C: Phelsuma nigristriata (Gekkonidae). D: Lycodryas cococola 
(Lamprophiidae). E: Paroedura stellata (Gekkonidae). F: Trachylepis comorensis (Scincidae). 
Photograph D by FRANK GLAW, F by BASTIAN BRENZINGER. 
   
   
 
The term 'non-avian reptiles' was proposed to circumscribe the assemblage of turtles, tortoises, 
archosaurians, and squamates (TUDGE 2000). It conveniently subsumes all extant groups that 
have traditionally been regarded as reptiles and includes dinosaurs, although the border between 
dinosaurs and birds is not clarified. However, 'non-avian reptiles' is a term not commonly 
understood in the public, and its length and negative phrasing make it unhandy to use. 
Additionally, the term suggests that 'reptiles' is commonly applied to a group comprising 
traditional 'Reptilia' plus dinosaurs and birds, which is not the case. 
All work on any kind of reptiles that is presented in this dissertation refers to squamate reptiles 
(taxon Squamata). These comprise all kinds of lizards, amphisbaenians, and snakes, but exclude 
Sphenodontida (the Tuatara), archosaurians (including crocodylians, dinosaurs, pterosaurs, and 
birds), testudines (turtles and tortoises), as well as mammals and all kinds of non-amniotes 
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('amphibians' and 'fishes') (VIDAL & HEDGES 2009, WIENS et al. 2012). While I use the term 
'squamates' or 'squamate reptiles' in some manuscripts and publications to meet requirements of 
the peer-review process, I will also maintain 'reptiles' as vernacular term to circumscribe the 
traditional 'Reptilia'. This use of 'reptiles' is in congruence with the taxonomic sub-discipline of 
herpetology (comprising the study of reptiles and amphibians), the organization of most 
taxonomic collections, a large part of popular and scientific literature (e.g. GLAW & VENCES 
2007, VITT & CALDWELL 2009), and important online databases such as HERPnet (2013) and 
The Reptile Database (UETZ et al. 2013). 
Currently 9,547 species of reptiles are known to science (UETZ et al. 2013), which is more than 
in amphibians (7,085, AmphibiaWeb 2013) and mammals (5,488, IUCN 2012), but less than in 
birds (10,596, GILL & DONSKER 2012). Due to the relatively high rate of species descriptions, 
reptiles may soon be the most species-rich group of tetrapods: in the period from 2000 to 2010, 
only 3 to 8 new species of birds were described per year (GILL & DONSKER 2012), but ca. 60 to 
160 species of reptiles (UETZ 2010). Reptiles inhabit every continent except Antarctica and are 
found on many islands. The tropics are the regions of highest reptile diversity, while only few 
species live in regions beyond the polar circles (VITT & CALDWELL 2009; Figs. 6,7).  
Figure 7: Habitats of Comoran reptiles A: Tropical humid forest at the central mountain ridge of Mohéli. 
B: Tropical dry forest and bush at Chissioua Mbouzi, Mayotte. C: Degraded forest at La Grille, Grand 
Comoro. D: Plantations of coconut and banana on Mohéli. E: Volcanic coastal rocks of Grand Comoro. 
F: Village, Anjouan. 
   
   
 
3.4.2 Reptiles of the Comoros Islands 
Reptiles have been the objects of many studies in evolutionary biology and biogeography. Some 
projects focused on evolution, speciation, and biogeography of reptiles in continental regions 
such as Australia (e.g., MORITZ et al. 2009), on large islands such as Madagascar (e.g., VENCES 
2004, CROTTINI et al. 2012), or on transoceanic dispersal between continents (GAMBLE et al. 
2008). More studies were undertaken concerning reptiles on small, often oceanic islands. Due to 
their ability to reproduce independently from water and their low rate of metabolism, reptiles 
are particularly suitable for overseas dispersal (CENSKY et al. 1998, SCHOENER et al. 2001). 
Even small islets surrounded by hundreds of kilometers of open ocean are inhabited by endemic 
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reptile species (CARRANZA & ARNOLD 2003, NAGY et al. 2003). Archipelagoes consisting of 
several islands are often the homes of entire radiations of endemic species, and many of these 
radiations have been the subject of intensive studies. Among others, the anoles of the Bahamas 
and the Caribbean (LOSOS 1992, LOSOS et al. 2006), the iguanas of the Galápagos (RASSMANN 
1997), the chuckwallas of the Baja California islands (PETREN & CASE 1997, GRISMER 1999), 
the lizards and geckos of the Canaries (BROWN & PESTANO 1998, CARRANZA et al. 2000), 
many groups of reptiles on Mediterranean islands (HENLE & KLAVER 1986, SALVADOR 1986, 
CAPULA 1994), the geckos of the Seychelles and Mascarenes (RADKEY 1996, ROCHA et al. 
2013), and the entire herpetofauna of the Oceanian islands (PREGILL & STEADMAN 2009, 
HAMILTON et al. 2010) found the interest of biologists.  
Figure 8: The Comoros Archipelago. Map from HAWLITSCHEK (2008). 
 
 
Unlike the island groups listed above, the Comoros archipelago (Fig. 8) in the Western Indian 
Ocean (WIO) has received relatively little attention from scientists of all disciplines. One 
possible reason for this is that the degree of endemism in the Comoran biota is considerable, but 
lower that of comparable biota of fully oceanic islands. 28.3% of breeding birds and 15% of the 
terrestrial plants are endemic (LOUETTE et al. 2008, PASCAL 2002). In the Galápagos 60.4% of 
all birds and 45% of terrestrial plants are endemic (GOSLINER 2009), in the Mascarenes 66.7% 
of birds and 72% of plants (THÉBAUD et al. 2009). 13 of the 28 currently recognized species of 
Comoran reptiles are endemic (46.4%). If introduced species are not taken into account, the 
degree of endemism is 76.5% (see chapters 4 to 0). In contrast, 100% native terrestrial reptiles 
on the Canaries and Galápagos, and 98% of the native species on the Mascarenes are endemic 
(GILLESPIE & CLAGUE 2009).  
Grand Comoro 
Mohéli 
Anjouan 
Mayotte 
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Table 5: A summary of geological age estimates of the Comoros Islands. Modified after HAWLITSCHEK 
(2008).  
Grand Comoro Anjouan Mohéli  Mayotte 
    
0.5 my (MONTAGGIONI 
and NOUGIER 1981) 
0.13 ± 0.02 my (EMERICK 
and DUNCAN 1982) 
0.13 to 0.01 my 
(BACHÉLLERY and 
COUDRAY 1993) 
0.01 ± 0.10 my (HAJASH 
and ARMSTRONG 1972) 
11.5 my (MONTAGGIONI and 
NOUGIER 1981) 
5.0 my (BATTISTINI 1996) 
3.9 my (NOUGIER et al. 1986) 
3.5 my (EMERICK and 
DUNCAN 1982; inferred 
estimation) 
1.52 ± 0.10 my (HAJASH and 
ARMSTRONG 1972) 
1.20 ± 0.03 my (EMERICK and 
DUNCAN 1982) 
 
5.0 my (NOUGIER et al. 
1986) 
3.9 my (BATTISTINI 
1996) 
2.81 ± 0.08 my 
(EMERICK and DUNCAN 
1982) 
1.52 ± 0.10 my 
(HAJASH and 
ARMSTRONG 1972) 
 
About 15 my (DEBEUF et 
al. 2005) 
15 to 10 my 
(MONTAGGIONI and 
NOUGIER 1981) 
15 to 8 my (BATTISTINI 
1996) 
7.7 my (NOUGIER et al. 
1986) 
5.40 ± 0.01 my (EMERICK 
and DUNCAN 1982) 
3.65 ± 0.10 my (HAJASH 
and ARMSTRONG 1972) 
 
The relatively low degree of endemism is probably owed to the short distance of little more than 
300 km between the Comoros and Madagascar, the ancestral origin of most its biota (LOUETTE 
et al. 2004). This was even shortened by stepping-stone islands; the extant Geyser and Leven 
Banks are so shallow that they emerged from the ocean during the Pleistocene regressions 
before re-submerging and cut the distance into stages of around 100 km (BATTISTINI & 
CREMERS 1972, ZINKE et al. 2003, Fig. 9). Marine currents and winds also support the transport 
from Madagascar to the Comoros and between the islands (LOUETTE et al. 2004). For 
comparison, the Galapágos are situated at a distance of 1,000 km from the mainland, the 
Mascarenes at more than 700 km.   
Figure 9: A sketch of the geographical background of the biography of the Comoros islands. Major 
marine currents and their directions are symbolized by blue arrows. Present-day terrestrial areas are 
filled with bright green, terrestrial areas of the last glacial maximum (LGM) are filled with dark green. 
The sketch shows that none of the Comoros Islands was connected to any other landmass. However, the 
Geyser and Leven Banks are submerged now but were emerged during the LGM and could thus function 
as stepping stones for dispersal. Resolution of LGM terrestrial areas 2.5 arc-minutes (ca. 4.65 km). 
Graphic created in ArcGIS 10.0, LGM data from WorldClim (HIJMANS et al. 2005). 
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The four major islands of the Comoros Archipelago, Grand Comoro (1,100 sqkm), Anjouan 
(425 sqkm), Mohéli (210 sqkm), and Mayotte (375 sqkm), are situated at distances of about 60 
km from one another (Fig. 8). The archipelago is assumed to be based on hot-spot volcanism 
(EMERICK and DUNCAN 1982); all islands are fully oceanic and were not connected to each 
other or any other landmasses at any point in their geological history (COLONNA et al. 1996, 
BATTISTINI & VERIN 1984). The oldest estimated ages are about 15 my, but most estimates are 
younger (Table 5). The climate in the Comoros is tropical, with a pronounced rainy season 
caused by the East-African monsoon from November to April, and a temperate and relatively 
dry climate created by the southeast trade wind from May to October. The monsoon creates a 
gradient in rainfall from Northeast to Southwest (Fig. 10).  
 
Figure 10: Annual precipitation on the Comoros Archipelago. The gradient from Northwest to Southeast 
is determined by the Northwest Monsoon. Resolution 1 km. Graphic created DIVA-GIS 7.1.7.2, LGM data 
from WorldClim (HIJMANS et al. 2005). 
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As stated above, the herpetofauna of the Comoros remained poorly studied for very long. A 
considerable amount of voucher specimens is available in many European museums 
(HAWLITSCHEK 2008), but much of it has never been revised after the initial species 
descriptions in historical works of PETERS (1874), BOETTGER (1878, 1913), BOULENGER (1885, 
1887, 1893, 1896), and GÜNTHER (1858, 1879). In the 20
th
 century, some herpetological work 
was conducted by MEIER (1980, 1984, 1986) and MEIRTE (1992, 1993, 1999, 2004). The first 
comprehensive modern research on the Comoran herpetofauna was conducted in the group of S. 
ROCHA (ROCHA et al. 2005a, 2005b, 2006, 2007, 2009, 2010a, 2010b, 2010c). Some studies of 
VENCES et al. (2003, 2004a, 2004b) also include Comoran reptiles. All these works focused on 
the phylogeny and biogeography of some groups of Comoran reptiles and amphibians, but did 
not consider taxonomy, ecology, distribution, and conservation. The first comprehensive work 
that comprises all these aspects was started in HAWLITSCHEK (2008) and is now continued in 
this dissertation. 
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3.5 Study system II: aquatic beetles of Australia 
3.5.1 Aquatic beetles 
Beetles are the most diverse group of organisms, at least regarding the numbers of 350,000 
species currently known to science. This represents about one-quarter of all described species of 
animals (HUNT et al. 2007). The diversification of beetles was likely supported by their 
sclerotized forewings, a key innovation that provides protection while still allowing active flight 
(CROWSON 1981), as well as by their co-evolution with other highly diverse groups such as 
angiosperms and mammals (FARRELL 1998, DAVIS et al. 2002). Evidence has been provided 
that speciation events within some beetle groups were triggered by past climate change and the 
accompanying environmental changes (ERWIN 1985, LEYS et al. 2003, RIBERA & VOGLER 
2004). 
 
Figure 11: Some species of Australian aquatic beetles. A: Allomatus nannup. B: Carabhydrus nullica. C: 
Eretes australis. D: Hydaticus bihamatus. E: Neobidessodes thoracicus. F: Sandracottus bakewelli. All 
photographs were provided by LARS HENDRICH.  
 
  
   
 
About 10,000 beetle species are regarded as aquatic in at least one of their developmental 
stages. This number seems low, but is comparatively higher than in many other predominantly 
terrestrial insect orders. Possibly, pre-adaptations such as the protective elytra allowed the 
colonization of aquatic habitats by adults while maintaining their capability to fly (BALKE et al. 
2004). Beetles that spend most of their adult life submerged, or partly submerged, are defined as 
'True Water Beetles' by JÄCH (1998). Many of them belong to the suborder Adephaga; the 
adephagan leg movement mechanism may have been another helpful pre-adaptation to the 
invasion of aquatic habitats. The largest family of True Water Beetles is the Dytiscidae, the 
diving beetles. Currently, about 3700 species in about 150 genera are recognized (PEDERZANI 
1995, NILSSON 2001). Dytiscids inhabit all continents except Antarctica and are found in almost 
all kinds of fresh water habitats, including brackish and subterranean waters, although fewer 
species occur in large water bodies such as larger streams and lakes where larger predators (e.g., 
fish) are abundant. The diversity is higher in meso- and eutrophic waters (BALKE et al. 2004). A 
high number of species inhabits seasonal habitats, where they may constitute apex predators.  
Most species of diving beetles and related families are capable of actively powered flight, and 
many have good dispersal abilities. Therefore, the availability of suitable habitats is most likely 
more important in defining the distributions of diving beetle species than drainage systems, as 
proposed for the freshwater biogeographic regions of ABELL et al. (2004). Notably, widespread 
and narrowly distributed species may be closely related, as apparent in the genus Rhantus, 
which includes microendemic species on New Guinea mountain chains as well as the near-
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cosmopolitan Rhantus suturalis (BALKE et al. 2001, 2009). These complex and often surprising 
patterns make dytiscids highly interesting study objects in biogeography. 
The monophyly of adephagan aquatic beetles was shown in HUNT et al. (2007) and BALKE et al. 
(2005). Most families are less species-rich than the Dytiscidae, among them the Hygrobiidae, 
which are also studied in this dissertation. 
 
3.5.2 The Australian diving beetle fauna 
One of the world's most remarkable fauna of diving beetles inhabits Australia (Figs. 11, 12). To 
date, over 300 species have been described, of which 90% are endemic to the continent. These 
endemic species belong to 18 or 19 exclusively Australian radiations (COOPER et al. 2002, LEYS 
et al. 2003, HENDRICH & WATTS 2004, WATTS & HUMPHREYS 2004, BALKE et al. 2007, 
HENDRICH et al. 2009). As stated above for dytiscids in general, also many Australian species 
are restricted to small regions, whereas only few are widespread. An interesting aspect of the 
Australian diving beetle fauna is the high diversity of subterranean species. After these 
communities were discovered only in the mid-1990s, over 100 species have been described that 
inhabit groundwater calcrete (terrestrial limestone) aquifers (COOPER et al. 2002, LEYS et al. 
2003). 
 
Figure 12: Habitats of Australian aquatic beetles. A: Magela Creek, Northern Territory. B: Coojimba 
Billabong, Northern Territory. C: Rainforest creek in Queensland. D: Highland pond in Tasmania. E: 
'Gnamma' (desert rock puddle), Newman Rocks, Western Australia. F: Swamp in Northcliffe, Western 
Australia. All photographs were provided by LARS HENDRICH. 
   
   
 
Australia is a geologically old continent; much of its surface is composed of Archean, 
Proterozoic, and Paleozoic rocks (JOHNSON et al. 2009). In contrast, many habitats that cover 
large areas on the continent are of relatively recent origins (KEMP 1981, FRAKES et al. 1987, 
BYRNE et al. 2008). It is assumed that the tropical rainforest, now restricted to small refuges in 
the North of the continent, covered most of Australia until the Miocene (23.03 – 5.33 mya). 
B A C 
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Only then, Australia drifted northward, and the global climate began to cool, leading to a shift in 
the climate of Australia from predominantly humid to predominantly arid (BOWLER 1982). In 
this period, the mesic biomes along Australia's southern, eastern and northern coasts formed 
(HILL 1994, SCHODDE 2006). The aridification process was a gradual one, however, and large 
parts of present-day's deserts formed only during the Pleistocene climate oscillations (i.e., the 
Ice Ages; FUJIOKA et al. 2005, 2009). All these changes in climate were accompanied by drastic 
changes in the biota of the continent. Molecular genetic data indicates many speciation events 
even in geologically very recent times (BYRNE et al. 2008, DUBEY & SHINE 2010a, 2010b, 
PEPPER et al. 2011a, 2011b, 2011c). Possibly even more massive extinctions are indicated by 
fossils of vertebrates (MARTIN & KLEIN 1989, PRIDEAUX et al. 2007) and can only be 
speculated for groups with a poorer fossil record.  
 
Figure 13: The distribution of Australian diving beetles. A: Annual precipitation in Australia. B: Same 
graphic with sampling localities of diving beetles used in this dissertation. Graphic created in ArcGIS 
10.0, climate data from WorldClim (HIJMANS et al. 2005). 
 
 
 
In this work I focus on the epigean species of Australian diving beetles, predominantly from the 
mesic Southeast region (Fig. 13), and on the global Hygrobiidae. I build on a considerable 
amount of work on the phylogeny, taxonomy, and faunistics of this group that was conducted in 
the last decades by M. BALKE, L. HENDRICH, and C.H.S. WATTS (WATTS 1978, 1997, BALKE 
et al. 2004, 2007, 2009, HENDRICH & WATTS 2004, WATTS & HUMPHREYS 2004, HENDRICH et 
al. 2009, 2010).  
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4 DNA Barcoding – a first glimpse to set the course of 
phylogenetic analyses 
4.1 MANUSCRIPT: DNA Barcoding allows reliable identification of 
island populations of Comoran squamate reptiles. 
In Chapter 3.2.3, I explained that DNA barcoding was often used for large datasets with unclear 
identification of at least a part of the included samples. In smaller datasets, barcoding mostly 
serves to grant a first glimpse to set the course of subsequent phylogenetic or other molecular 
genetic analyses. However, such datasets may also serve as test cases for the barcoding 
approach. The dataset of Comoran reptiles had the advantage that almost all samples included 
were safely identified to species, subspecies, and island population level, and that multigene 
molecular phylogenies were available at least for some groups included, representing subsets of 
the barcoding dataset. Therefore, in addition to clarifying the identification of a few dubious 
samples and hinting at the topology of groups that had not been analyzed with a multigene 
dataset, this barcoding study allowed me to compare the performance of DNA barcoding vs. 
multigene pyhlogenies in the reconstruction of topoplogies by quantitative means. It also 
suggested suitable study systems included in this dataset for future studies. 
 
HAWLITSCHEK O., NAGY Z.T., BERGER J., GLAW F. (submitted): DNA Barcoding allows 
reliable identification of island populations of Comoran squamate reptiles. PLoS ONE. 
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Abstract 
In the past decade, DNA barcoding became increasingly common as a method for 
species identification in biodiversity inventories and related studies. However, mainly 
due to technical obstacles, non-avian reptiles have been the target of few barcoding 
studies. In this article, we present the results of a DNA barcoding study of squamates of 
the Comoros archipelago, a poorly studied group of oceanic islands close to 
Madagascar. The barcoding dataset presented here includes 27 of the 29 currently 
recognized squamate species of the Comoros, including 17 of the 18 endemic species. 
Some Comoran species were found to include non-Comoran lineages, which is probably 
due to poorly resolved taxonomy. All other species for which more than one barcode 
was obtained formed distinct clusters useful for species identification by barcoding. In 
most species, even island populations could be distinguished using barcoding. Two 
cryptic species were identified using the DNA barcoding approach. The barcoding 
topology, i.e., a Bayesian tree based on COI sequences of 5 genera was compared with 
available multigene topologies, and in 3 cases, major incongruences between the two 
topologies became evident. Three of the multigene studies were initiated after initial 
screening of a preliminary version of the barcoding dataset presented here. We conclude 
that in the case of the squamates of the Comoros Islands, DNA barcoding has proven a 
very useful and efficient way of detecting isolated populations and promising starting 
points for subsequent research. 
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Introduction 
Since the pioneer studies of Hebert et al. [1], DNA barcoding has gained great 
popularity among biologists as a standardized, quick, and technically easy approach that 
does not require expert knowledge once reliable databases have been established. DNA 
barcoding has been applied in a broad range of studies and are helpful at various ends, 
such as biodiversity inventories of unstudied regions [2,3], species identification 
through barcode databases [4,5], pest identification and control [6], control of invasive 
species [7,8], and human health [9]. One of the most common applications in 
biodiversity research is the use of DNA barcoding for a preliminary biodiversity 
assessment of a certain organism group in a certain region. This may range from very 
narrowly circumscribed target groups (e.g., [10]) to a broad range of organisms in large 
areas [11-13]. Despite its various uses and applications, DNA barcoding data have 
limited value to elucidate phylogenetic relationships [14] and sometimes 'disguise' 
species that cannot be identified by barcoding [15]. 
In animals, the cytochrome c oxidase subunit I (COI) was established as the 
universal barcoding marker [1], mostly using the universal primers LCO and HCO [16]. 
However, COI is not equally easy to amplify in all taxonomic groups of animals. Until 
recently, non-avian reptiles were among the animal groups that were hard to barcode, 
and few studies focused on their DNA barcoding [17]. Nagy et al. [18] published a 
barcoding study of the squamates and turtles of Madagascar. This was the first large-
scale barcoding attempt targeting this group of vertebrates. The study focused on testing 
the efficiency of new primers for non-avian reptile barcoding, on detecting cryptic 
diversity, and on providing a barcode database for easier identification of Malagasy 
species.  
Like many other studies on Malagasy organisms, the DNA barcoding study [18] 
did not include the fauna of the Comoros archipelago. This group of four volcanic and 
hence fully oceanic islands is situated in the Western Indian Ocean halfway between the 
East African coast and Northwest Madagascar. Because of prevalent oceanic currents 
and winds, much of the Comoran biota originates from Madagascar, but is rich in 
endemic species [19,20]. Nevertheless, only relatively few modern studies focused on 
Comoran organisms. Recent works on the phylogeny, biogeography and taxonomy of 
Comoran squamates were published by the group of S. Rocha [21-28] and by our group 
[20,29,30]. 
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In our work with Comoran squamates, we initially used preliminary genetic 
screening, including DNA barcoding, to receive a preview on genetic divergences 
between species and island populations, to distinguish whether species were more likely 
native or introduced, and to detect possible cryptic species. Then, we used multigene 
approaches to study groups of squamates that were found to be interesting by our initial 
screening. In this article, we present the results of our DNA barcoding approach and, 
wherever possible, compare them with the results of available multigene phylogenies. 
We also tested the performance of DNA barcoding to correctly identify island 
populations of native species. 
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Material and methods 
Sampling, permits, and ethics statement 
No experiments were conducted using living animals. Furthermore, 
none of the samples were specifically collected for this project, but for an earlier study 
on Comoran reptiles [20] by 3 of the 4 authors of this paper (OH, JB, FG). We 
exclusively used museum samples which were already available and were deposited in a 
tissue bank at the Zoologische Staatssammlung München (ZSM), Germany. For all 
species and 176 out of 217 specimens, not only tissue samples but also voucher 
specimens were available (Tables 1 and S1). All samples and voucher specimens were 
analysed with permission of the ZSM. Voucher specimens were euthanized using 
approved methods (e.g. anaesthesia with ketamine, followed by ketamine overdose) that 
do not require approval by an ethics committee according to national law on the 
Comoros. 
Collection and transport of specimens was conducted with the following 
permits: (1) Issued by the Direction Générale de l'Environnement, Moroni, Union des 
Comores: research and export permit (no permit number, 1st March 2000), research 
permit (02/121/MPE/DGE, 12th April 2002), export permit (02/141/MPE/DGE, 2002), 
research and export permit (no permit number, 12th March 2008), research permit 
(CNDRS/08/2010, 22nd January 2010), export permit (CNDRS/030/2010, 5th April 
2010). (2) Issued by the Direction de l'Agriculture et de la Forêt, Mayotte, France: 
research and export permit (no permit number, 23rd February 2000), research and 
export permit (24/DAF/SEF/2008, 19th March 2008), research and export permit (2010-
13/DAF/SEF, 30th March 2010). Import of species protected by CITES into Germany 
was approved by the German authorities (Bundesamt für Naturschutz). 
 
Laboratory protocols 
Total genomic DNA was extracted using the standard protocols of the NucleoSpin ® 96 
Tissue kit (Macherey-Nagel) and the  DNEasy Tissue Kit (Qiagen, Hilden, Germany). 
We amplified the 5’ half of COI using the primers RepCOI-F / RepCOI-R [18] or LCO 
/ HCO [16] and the corresponding PCR protocols. Table 1 lists which primer 
combination was more successful for each species. Sequencing was conducted using the 
BigDye ® Terminator v1.1 Cycle Sequencing Kit on ABI 3730 and ABI 3130xl 
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capillary sequencers (Life Technologies). Sequence data were deposited in BOLD and 
GenBank and are available under accession numbers XXX to XXX (Table S1). 
 
Barcoding tree reconstruction 
We used Sequencher 4.9 © for editing and quality checking of the chromatograms, 
Mesquite 2.72 [31] for additional quality checking, including inspection of protein 
translations, and MAFFT 6 [32,33] for alignment of the COI dataset. In addition to the 
sequences produced from Comoran samples, we added 34 sequences from related 
species obtained from GenBank (most originate from [18]) for comparison with the 
barcoding dataset. We selected sequences that were found to be most similar to the 
Comoran sequences in BLAST searches. We then conducted a test of substitution 
saturation [34,35] in DAMBE v5.2.34 [36] and plotted transitions and transversions 
against Kimura 2-parameter (K2p) divergences to visualize possible saturation at a 
higher divergence level. 
We calculated pairwise K2p-distances in MEGA 5.0 [37]. We partitioned the 
dataset according to codon position. To identify appropriate substitution models for the 
maximum likelihood (ML) and Bayesian analyses, we used jModeltest 0.1.1 [38]. We 
assessed AIC and BIC results, giving BIC preference over AIC. Subsequently, we 
conducted (1) ML analyses with 1,000 fast bootstrap repeats in raxmlGUI 1.0 [39,40] 
and (2) Bayesian analyses in MrBayes 3.1.2 [41] on the CIPRES portal 2.2 [42] with 
two runs and four chains with 30,000,000 generations (samplefreq=1,000, 25% burnin). 
MrBayes runs were checked for convergence and normal distribution in Tracer v1.5 
[43].  
One aim of this analysis was to test the performance of DNA barcoding versus 
multigene phylogenies, wherever available. We used data for the genera 
Cryptoblepharus (766 bp) [32], Ebenavia (1894 bp) [44], Lycodryas (3498 bp) [29], 
Phelsuma (2872 bp) [25], and Paroedura (3174 bp) [30]. Then, we estimated trees 
using MrBayes with the setting described above, but only run for 10,000,000 
generations. The subsets of our barcoding dataset and the corresponding multigene 
datasets contained only the genus in question and related taxa.  
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Clustering and species identification by barcoding 
To measure the success of the identification of species and island populations of native 
species in our dataset using DNA barcodes we used an objective clustering approach as 
implemented in SpeciesIdentifier [45]. This software clusters sequences using p-
distances, thus allowing the comparison of clusters with the existing taxonomy [10,46]). 
Species names and clustering thresholds are preset by the user. We conducted clustering 
analyses with thresholds of 5% to 15% for delimitation of 'barcoding species', and 0.2% 
to 2.0% for delimitation of island populations. Additionally, we conducted query 
identification analyses of the dataset with the 'best match' and 'best close match' criteria 
[45]. Under the 'best match' criterion, any query sequence is assigned the species name 
of its best matching barcode (i.e., reference sequence). If this analysis is run in 
SpeciesIdentifier, the output shows how many sequences were assigned to a matching 
sequence in agreement with their pre-assigned species name. Obviously, the sequences 
of species of which only a single sequence is included in the dataset are automatically 
misidentified because their best matching sequence belongs to a different species. 
Applying the 'best close match' criterion, the same analysis is refined with a user-
defined cutoff distance. Sequences that do not match within the defined cutoff distance 
are not assigned to the species of their best matching sequence, but to a species of their 
own. For the clustering analyses for species identification, we used a dataset from which 
all identical haplotypes were cropped using the software Collapse 1.2 [47]. All 
sequences from non-Comoran species were removed manually. The cropped dataset 
consisted of 130 sequences. In the dataset for the identification of island populations, 
we additionally removed all species that were considered non-native [20], leaving 61 
sequences. 
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Results and Discussion 
 
The DNA barcoding dataset 
We produced a total of 168 DNA barcodes for 27 out of the 29 currently recognized 
species of Comoran squamates (Table 1) including 2 recently described species, 
Lycodryas cococola [29] and Paroedura stellata [30]. We also included all recognized 
subspecies of Comoran species, including Cryptoblepharus boutonii ater (Grand 
Comoro, corresponding to C. ater according to Horner 2007 [48]), C. b. degrijsii 
(Anjouan, corresponding to C. quinquetaeniatus), C. b. mayottensis (Mayotte, 
corresponding to C. gloriosus mayottensis), C. b. mohelicus (Mohéli, corresponding to 
C. g. mohelicus), Lycodryas cococola cococola (Grand Comoro), L. c. innocens 
(Mohéli), L. maculatus maculatus (Anjouan), L. m. comorensis (Mayotte), Phelsuma v-
nigra v-nigra (Mohéli), P. v. anjouanensis (Anjouan), and P. v. comoraegrandensis 
(Grand Comoro). 
A single barcode sequence was obtained for 5 species, 2 or more DNA barcodes 
for all other species, with an overall high success rate of 100% in 12 species and >70% 
in further 7 species (excluding the species for which a single sample was available and 
successfully sequenced). The highest success rates in PCR amplification and sequencing 
were achieved using the primers RepCOI-F and RepCOI-R [18]. However, for a 
number of species LCO and HCO [16] worked better (Table 1). Notably, both primer 
pairs failed to produce readable sequences in the most common Comoran reptile 
species, Trachylepis comorensis. Only a single sequence could be produced for this 
species, based on a sample of an egg; all of the numerous samples of muscle tissue 
failed. Neither could any sequence be produced for the related, non-native T. striata. 
Furthermore, a sample of an undescribed species of Typhlops could not be sequenced. 
Ramphotyphlops braminus and Typhlops comorensis were the only species in which no 
sequence was produced with RepCOI-F / RepCOI-R, but LCO / HCO performed well. 
K2p-distances are given in Table 2 for families and in Table 3 for species or 
clades endemic to the Comoros. In many species inhabiting more than one island of the 
archipelago, genetic divergences range from 4.8% to 9.4% (K2p distance), with an 
average around 3%. Notably, this comprises endemic clades whose lineages can be 
clearly attributed to islands (Phelsuma v-nigra, Geckolepis maculata, Cryptoblepharus 
boutonii), as well as non-endemic groups whose lineages are mixed between the islands 
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(Hemidactylus spp.). Other introduced taxa (Phelsuma laticauda, P. dubia, 
Ramphotyphlops braminus) show much lower divergences from 0.02% to 1.3%. R. 
braminus is the only all-female snake known to reproduce parthenogenetically, which 
means that a single specimen can found a population with its clonally produced 
offspring and may explain the exceptionally low haplotype diversity [49]. 
In the analysis of substitution saturation in DAMBE, the index of substitution 
saturation Iss was always significantly below its critical value Iss.c. This indicates an 
overall low saturation in the dataset. The plotting of transitions and transversions 
against divergence indicated saturation at higher levels of divergence (results not 
shown). 
 
Clustering,  identification of species and island populations 
The objective clustering analysis for species identification under thresholds from 5% to 
15% yielded a varying number of clusters, ranging from 25 to 37. The number of 
clusters never corresponded exactly to the number of species included (27). The best 
results were achieved under thresholds of 8% to 11% with a total of 28 clusters, 24 of 
which were in correspondence to the currently valid taxonomy. Because of the high 
divergences between the island populations of Ebenavia inunguis, these samples did not 
form a common cluster at thresholds that yielded appropriate results for other species. 
At the same level, however, the 2 Comoran species of Lycodryas formed a common 
cluster.  
The 'best match' query analysis correctly linked 124 out of 130 barcoding 
sequences to species. The remaining 6 sequences refer to species that are represented by 
a single sequence only in the clustering dataset, and are thus automatically misidentified 
by the 'best match' analysis. The 'best closest match' query analysis correctly linked 123 
sequences at thresholds of 8% to 11%. This supported the view that all Comoran 
squamate species included in this study are monophyletic, if sequences of non-Comoran 
origin are excluded. 
The objective clustering analyses for the identification of island populations of 
native species yielded 27 to 48 clusters. Thus, the number of clusters corresponded to 
the 27 island populations of 9 included species at thresholds from 1.6% to 2.0%. 
However, the highest number of clusters corresponding directly to actual island 
populations was 24 at a clustering threshold of 1.2%. At higher thresholds, island 
populations were lumped. The 'best match' query linked 50 out of 61 barcoding 
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sequences to the correct island populations. The 'best closest match' query correctly 
linked 47 sequences at thresholds of 1.4% or higher. Thus, the combination of all 
objective clustering criteria not only allows the identification of barcodes to species 
level, but also to the level of island populations, with good performance as long as 
native species with monophyletic island populations are concerned.  
 
Topologies constructed in DNA barcoding vs. multigene 
phylogenies 
The barcoding topology based on a Bayesian tree is shown in Fig. 1. All genera, 
including Comoran species and selected related species, were retrieved monophyletic. 
As in the clustering analysis, all species were retrieved monophyletic, with the 
exceptions of Phelsuma dubia and Amphiglossus johannae. In our trees, a sequence of 
the Malagasy P. ravenala is nested within the branch comprising Comoran samples of 
P. dubia. In Amphiglossus, the sequences of the Malagasy A. ardouini are nested within 
the Comoran endemic A. johannae.  
Fig. 2 shows 5 subsets of the barcoding topology. The subsets were cropped so 
that only representatives of major clades are displayed. A comparison of the trees with 
topologies of multigene phylogenies shows major incongruences between the topologies 
in 3 of these 5 cases. However, these incongruences are often poorly supported, and the 
support values for the nodes concerned in the barcoding topology are generally poor. In 
the topologies of Cryptoblepharus, differences to the barcoding tree are based only on 
differences in the resolution: some nodes are better resolved in the multigene topology, 
some in the barcoding topology. The sister relationship between C. boutonii ater (Grand 
Comoro) and C. boutonii mohelicus (Mohéli) is not retrieved with high support in the 
barcoding tree, however, this relationship is neither highly supported in the multigene 
analysis [23]. The relatively poor support values in the multigene analysis may be due 
to the comparably small number of nucleotides studied. In Ebenavia, the multigene 
analysis [44] finds a sister-group relationship of the Anjouan sample with a clade of the 
Grand Comoro + Mohéli samples, which is not retrieved in the barcoding tree. In the 
other 3 genera studied, major incongruences between the barcoding tree and the 
multigene trees are found. In Lycodryas, our barcoding analyses place the Malagasy L. 
gaimardii within Comoran Lycodryas, whereas it is retrieved as sister group to 
Comoran Lycodryas in the multigene analyses [29]. Comoran Paroedura are retrieved 
paraphyletic, as in the multigene analysis by [30], but the Malagasy P. lohatsara is the 
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sister taxon to P. sanctijohannis in our barcoding analyses instead of a clade comprising 
P. stellata + P. lohatsara (Madagascar) + P. stumpffi (Madagascar), albeit with poor 
support. In our DNA barcoding study, the Malagasy Phelsuma laticauda (together with 
P. roesleri) is the sister taxon to the Comoran P. v-nigra, and the two endemic species 
from Mayotte P. robertmertensi and P. pasteuri form a sister group to this clade, 
whereas P. v.nigra, P. pasteuri, and P. robertmertensi are comprised in one clade with 
P. laticauda as sister group in the multigene analyses [25]. P. lineata + P. comorensis 
are the sister group to this clade in the multigene analysis, but not in our barcoding 
analyses. In P. v-nigra, the population of Anjouan clusters with that of Grand Comoro 
in the barcoding topology, whereas in the multigene tree [25] it clusters with the Mohéli 
population.  
 
Patterns of genetic divergence in island populations 
As shown in Figs. 1 and 2, and Tables 4 and 5, DNA barcodes of Comoran squamates 
are in most cases not only useful to identify which species a sample belongs to, but also 
in which island population it was collected. This was possible for all included samples 
of the endemics Lycodryas cococola, L. maculatus, Phelsuma v-nigra, Typhlops 
comorensis, and the Comoran clades of Cryptoblepharus boutonii, Ebenavia inunguis, 
and Geckolepis maculata. In other cases, the most recently diverged island lineages 
could not be distinguished, whereas the more distant island lineages were distinct. This 
was found in the endemic Amphiglossus johannae and Paroedura sanctijohannis, but 
notably also in the presumably introduced Hemidactylus frenatus and H. mercatorius. 
However, because of the low sample sizes for some rarer species we cannot exclude that 
incomplete lineage sorting between island populations may be higher than shown by our 
results. This is also the reason why no statement can be made on some species. In some 
introduced species, haplotypes are mixed over all colonized islands, such as in 
Hemidactylus platycephalus, Ramphotyphlops braminus, Phelsuma dubia and P. 
laticauda, which supports the view that the Comoran populations of these 
anthropophilous species originated from recent introduction events. 
Notably, all introduced species with comparably high genetic divergences 
belong to the genus Hemidactylus. The nocturnal Hemidactylus geckos are commonly 
attracted by artificial sources of light in settlements and harbours. This may promote the 
genetic exchange between overseas population mediated by human sea traffic [20,27].  
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Endemic taxa that are restricted to a single island – and hence probably resulting 
from isolated colonization events, as shown for the Comoran Furcifer species [22], 
Paroedura stellata [30], and Phelsuma nigristriata [25] – also show relatively little 
genetic diversification of 0.2% to 1.3%. A notable exception is Furcifer cephalolepis 
with high intraspecific divergences (up to 2.8%), which has also been shown for an 
independent set of samples and different molecular markers [22]. 
The DNA barcoding dataset supports the high genetic divergences in relation to 
other island populations of the same species that are found in Grand Comoro endemic 
populations of squamates [22,29,30]. This is remarkable because Grand Comoro is 
assumed to be the geologically youngest major island of the archipelago [50]. As 
discussed in Hawlitschek & Glaw [30], reasons for this may be that either Grand 
Comoro is geologically older than currently estimated, or populations of geologically 
older islands are younger because these islands were colonized later in geological 
history, e.g., after the extinction of an earlier island population. 
Another remarkable feature of some Comoran endemic squamate populations is 
that the Comoros were colonized several times by the same genus. This was found for 
the genera Phelsuma [24,25] and Paroedura [30] and also suggested for Furcifer [22]. 
A similar pattern is found in the barcoding tree for Ebenavia inunguis. Although the 
Comoran populations are considered conspecific with Malagasy E. inunguis, the high 
genetic divergences between the island populations, and between Comoran and 
Malagasy samples, suggest that this species colonized at least 3 islands of the Comoros 
by natural dispersal, and that its taxonomy should be revised (see also [44]).  
 
The barcoding topology at species level and its significance for 
taxonomy 
Of the 22 Comoran squamate species for which at least 2 barcodes were produced, 19 
were retrieved as monophyletic units. We explore the cases of the species that were not 
retrieved monophyletic and examine the reason for this incongruence between DNA 
barcoding and existing taxonomy. 
The Malagasy day gecko Phelsuma ravenala, described by Raxworthy et al. 
[51], is nested within P. dubia from Madagascar and the Comoros in our barcoding tree, 
with K2p distances of less than 1% from all included P. dubia sequences. This is 
congruent with the results of Rocha et al. [25]. In their original description, the authors 
presented the number of scale rows around midbody as an important character to 
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distinguish between the two species. However, a morphological study of this character 
in Comoran P. dubia [52] showed that these specimens were outside the ranges given 
for P. dubia and P. ravenala by Raxworthy et al. [51], suggesting that the validity of the 
latter species is in need of confirmation.  
The Comoran endemic Phelsuma comorensis is found nested within the 
otherwise Malagasy P. lineata in our barcoding tree. This is also congruent with the 
results of Rocha et al. [25]. The minimal K2p distance from P. lineata sequences is 
3.1%. The polytypic P. lineata has been shown to be a species with variable 
morphology and ecological adaptability [28], and P. comorensis could be argued to fall 
within the ranges of these amplitudes. Future studies should attempt to examine the 
species status of P. comorensis, and search for indications whether this Comoran 
population represents a case of natural (ancient) or human-mediated (recent) dispersal. 
Amphiglossus johannae, a skink considered endemic to the Comoros, is 
retrieved paraphyletic with respect to the Malagasy A. ardouini. While both species are 
easily distinguished via external morphological characters, the minimal K2p distance 
between them is 0.5%. The reason for this unexpected position of the 2 species in the 
barcoding tree is unknown. Future studies should explore the possibility that A. 
johannae represents a case of recent, but natural dispersal from Madagascar to the 
Comoros with rapid adaptation of the morphological characters to the insular 
environment (but see [30] for alternative scenarios). 
The Comoran populations of the gecko genus Paroedura and the snake genus 
Lycodryas, formerly considered as Paroedura sanctijohannis and Lycodryas 
sanctijohannis, respectively, are retrieved paraphyletic in our barcoding tree. The 
paraphyly of Comoran Paroedura was confirmed by molecular and morphological data 
[30], whereas Comoran Lycodryas were found to be monophyletic [29].  
With the exception of the cases stated so far, all species form monophyletic and 
clearly distinct clusters. As described, most detected cases of species paraphyly can 
likely be attributed to poorly resolved taxonomy of the species in question. Lycodryas 
gaimardii is placed within L. sanctijohannis due to the small barcoding gap, and the 
case of Amphiglossus johannae remains unclear. This means that – once taxonomy is 
revised – all the 22 Comoran squamate species for which at least 2 barcodes were 
produced will be correctly identified by DNA barcoding. 
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Retrieving higher-ranking taxa 
As shown in Table 2, the interspecific divergences found within different families are at 
very different levels, ranging from an average 14.1% in Lamprophiidae to 28.5% in 
Gekkonidae. Due to the unbalanced specific diversity of the Comoran herpetofauna in 
comparison with the Malagasy herpetofauna, the distances found between Comoran 
species of Chamaeleonidae, Lamprophiidae, and Gekkonidae are lower than the average 
distances given by Nagy et al. [18] for the same families in Madagascar.  
The only case of unexpected placement of a family-level taxon in the barcoding 
tree is that of Oplurus (Iguanidae), which clusters with the genera of the Scincidae 
(Bayesian PP and ML bootstrap ≥ 90%). This is in contrast to most modern deep 
phylogenies of non-avian reptiles that place the Iguanidae in the neighbourhood of the 
Chamaeleonidae and Agamidae [53,54]. 
Despite the high levels of saturation detected for deeper splits, many higher-
ranking taxonomic units are revealed monophyletic in our barcoding tree. 14 of the 16 
genera included in the study are retrieved monophyletic, with the exceptions of the 
genera Trachylepis (monophyly not resolved with respect to Cryptoblepharus) and 
Typhlops (paraphyletic with respect to Ramphotyphlops). However, all Comoran species 
except for the 2 species that were not included in our study were correctly assigned to 
genus level in our barcoding topology. 
In conclusion, we find that the identification of Comoran squamate species was 
successful at multiple levels: DNA barcodes always allowed correct identification at the 
levels of genus and species, and mostly even at the level of island populations.  
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Figure legends 
 
 
Figure 1: Bayesian tree of the COI dataset. Nodes with Bayesian PP and ML bootstrap 
support ≥ 90% are marked with filled black circles, nodes with Bayesian PP or ML 
bootstrap support ≥ 90% are marked with empty black circles. Island lineages of 
endemic species are marked in colors. 
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Figure 2: A comparison of topologies from our DNA barcoding analyses with 
topologies from multigene analyses for 5 genera of squamates with endemic Comoran 
lineages. Nodes with at least two values out of Bayesian PP, ML bootstrap, or 
Parsimony bootstrap support ≥ 90% are marked with filled black circles, nodes with at 
least one value out of Bayesian PP, ML bootstrap, or Parsimony bootstrap support ≥ 
90% are marked with empty black circles. If only a single support value is available for 
the phylogeny, black circles filled with grey mark nodes with support values of ≥ 90%, 
and 'X' mark nodes with support values of ≥ 80%. The topologies were cropped to 
highlight lineages that are endemic to a single island, marked by color. Lineages that are 
present in the Comoros, but not endemic, are not highlighted. The multigene topologies 
are taken from the following studies: Cryptoblepharus [23], Ebenavia [44], Lycodryas 
[29], Paroedura [30], Phelsuma [25]. 
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Tables 
 
Family / Species Samples  Vouchers  RepCOI LCO/HCO Total 
sequences 
Success 
Agamidae 2 2 2 0 2 100% 
Agama agama 2 2 2 0 2 100% 
Iguanidae 1 1 1 0 1 100% 
Oplurus cuvieri 1 1 1 0 1 100% 
Chamaeleonidae 10 7 10 4(4) 10 100% 
Furcifer cephalolepis 6 4 6 2(2) 6 100% 
Furcifer polleni 4 3 4 2(2) 4 100% 
Typhlopidae 29 29 0 24 24 83% 
Ramphotyphlops 
braminus 
26 26 0 22 22 85% 
Typhlops comorensis 2 2 0 2 2 100% 
Typhlops sp. 1 1 0 0 0 0% 
Lamprophiidae 14 14 14 2 14 100% 
Liophidium 
mayottensis 
1 1 1 0 1 100% 
Lycodryas cococola  8 8 8 1 8 100% 
Lycodryas maculatus  5 5 5 1 5 100% 
Scincidae 52 52 26 9 26 50% 
Amphiglossus 
johannae 
25 25 18 9(9) 18 72% 
Crytoblepharus 
boutonii 
8 8 7 0(6) 7 88% 
Trachylepis 
comorensis 
18 18 1 0 1 6% 
Trachylepis striata 1 1 0 0 0 0% 
Gekkonidae 108 81 91 38 91 84% 
Ebenavia inunguis 7 7 6 1 6 86% 
Geckolepis maculata 12 12 10 9 10 77% 
Hemidactylus 
frenatus 
7 6 7 4 7 100% 
Hemidactylus 
mercatorius 
9 7 9 0 9 100% 
Hemidactylus 
parvimaculatus 
4 4 1 0 1 25% 
Hemidactylus 14 14 14 0 14 100% 
69 
 
platycephalus 
Paroedura 
sanctijohannis 
12 12 9 0 9 75% 
Paroedura stellata 6 6 6 0 6 100% 
Phelsuma 
comorensis 
3 1 2 2(2) 2 67% 
Phelsuma dubia 8 2 8 7(7) 8 100% 
Phelsuma laticauda 8 1 7 5(7) 7 88% 
Phelsuma 
nigristriata 
2 1 2 1(1) 2 100% 
Phelsuma pasteuri 2 2 1 0(0) 1 50% 
Phelsuma 
robertmertensi 
3 1 2 2(2) 2 67% 
Phelsuma v-nigra  12 3 7 7 7 58% 
 
Table 1: Samples used in the DNA barcoding analysis. Sequences of non-Comoran 
species (mostly from Madgascar; all taken from GenBank, with the exception of 
Amphiglossus ardouini) are not listed. The values given for families are sums of all 
species comprised. Samples: the total number of samples that were attempted to 
sequence. Vouchers: the number of samples for which a voucher specimen is available. 
RepCOI: the number of sequences that were obtained using the primer pair RepCOI-
F/RepCOI-R [18]. LCO/HCO: the number of sequences that were obtained using the 
primer pair LCO/HCO [16]; the number of brackets lists the number of samples 
attempted to amplify with HCO/LCO, if different from the number given in "Samples". 
Total sequences: the total number of sequences obtained.  
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Family Avg. distance between 
Comoran species 
Avg. distance between Malagasy 
species (Nagy et al. 2012) 
Chamaeleonidae 12.5 (11.6-13.9) 23.7 
Typhlopidae 22.5 (22.0-23.0) 18.6 
Lamprophiidae 14.1 (10.4-20.3) 20.2 
Scincidae 26.8 (23.5-29.4) 22.2 
Gekkonidae 28.5 (11.9-35.7) 29.8 
 
Table 2: Genetic divergences within families of Comoran squamates. All genetic 
divergences are given as K2p-distances. Agamidae and Iguanidae are each represented 
by a single species only and are not shown.  
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Species Max. overall K2p 
distance 
Anjouan Grand 
Comoro 
Mayotte Mohéli 
Furcifer cephalolepis 2.8 - 2.8 (N=6) - - 
Furcifer polleni 1.1 0 (N=1) - 1.1 (N=3) - 
Ramphotyphlops 
braminus 
0.2 0 (N=7) 0.2 (N=2) 0 (N=3) 0 (N=10) 
Typhlops comorensis 8.1 0 (N=1) 0 (N=1) - - 
Lycodryas cococola 6.6 - 0.8 (N=3) - 0.5 (N=5) 
Lycodryas maculatus 6.4 0.3 (N=3) - 0.2 (N=2) - 
Amphiglossus 
johannae 
6.8 0.5 (N=5) 0.2 (N=2) 0.5 (N=2) 1.4 (N=9) 
Cryptoblepharus 
boutonii 
5.3 1.9 (N=3) 0.2 (N=2) 0 (N=1) 0 (N=1) 
Ebenavia inunguis  22.0 0 (N=1) 0.4 (N=2) 0 (N=1) 0 (N=2) 
Geckolepis maculata  4.8 1.3 (N=5) 0 (N=2) 0.7 (N=2) 0 (N=1) 
Hemidactylus frenatus 6.7 0.2 (N=3) 0 (N=1) 0 (N=1) 0 (N=2) 
Hemidactylus 
mercatorius 
6.5 2.5 (N=6) 0 (N=2) 0 (N=1) 0 (N=0) 
Hemidactylus 
platycephalus 
5.5 5.3 (N=8) 1.1 (N=3) 0 (N=1) 5.5 (N=2) 
Paroedura 
sanctijohannis 
8.2 0.4 (N=6) 4.1 (N=2) - 0 (N=1) 
Paroedura stellata 1.3 - - 1.3 (N=6) - 
Phelsuma comorensis 0 - 0 (N=2) - - 
Phelsuma dubia 1.3 0.7 (N=3) 0.4 (N=2) 0.9 (N=2) 0 (N=1) 
Phelsuma laticauda 0.2 0 (N=6) - 0 (N=1) - 
Phelsuma nigristriata 0.2 - - 0.2 (N=2) - 
Phelsuma 
robertmertensi 
0.9 - - 0.9 (N=2) - 
Phelsuma v-nigra 9.4 4.3 (N=2) 0.4 (N=3) - 0 (N=2) 
Comoran Phelsuma 
radiation* 
24.4 4.3 (N=2) 0.4 (N=3) 12.3 (N=3) 0 (N=2) 
Comoran Lycodryas 
radiation** 
10.4 0.3 (N=3) 0.8 (N=3) 0.2 (N=2) 0.5 (N=5) 
 
Table 3: Maximum genetic divergences between and within island populations of 
Comoran squamates. All genetic divergences are given as % of K2p-distances. Species 
for which only a single sequence is available are not included. * This includes P. v-
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nigra, P. pasteuri and P. robertmertensi. ** This includes L. cococola and L. 
maculatus.  
 
 
Clustering 
threshold 
No. clusters No. clusters 
corresponding 
to taxonomy 
Max. No. 
species per 
cluster 
No. correct 
identifications 
by 'best 
closest match' 
5% 37 20 1 116 
6% 36 21 1 116 
7% 34 23 1 117 
8% 28 24 2 123 
9% 28 24 2 123 
10% 28 24 2 123 
11% 28 24 2 123 
12% 25 22  2 123* 
13% 25 20 2 123* 
14% 25 22 2 123* 
15% 25 22 2 123* 
 
Table 4: Results of the objective clustering analyses of species. Clustering was 
conducted in SpeciesIdentifier with arbitrary thresholds of 5% to 15%. The dataset used 
here contained 130 sequences belonging to 27 species. 6 species were represented by a 
single sequence. 124 sequences were correctly identified by the 'best match' criterion. 
*At these clustering thresholds, the 'best closest match' query criterion yielded 1 
misidentification. 
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Clustering 
threshold 
No. clusters No. clusters 
corresponding 
to island 
population 
Max. No. 
populations 
per cluster 
No. correct 
identifications 
by 'best 
closest match' 
0.2% 48 11 1 23 
0.4% 41 18 1 34 
0.6% 39 20 1 37 
0.8% 34 23 1 42 
1.0% 32 23 1 45 
1.2% 31 24 1 46 
1.4% 29 23 2 47* 
1.6% 27 20 2 47** 
1.8% 27 20 2 47** 
2.0% 27 20 2 47** 
 
Table 5: Results of the objective clustering analyses of island populations. Clustering 
was conducted in SpeciesIdentifier with arbitrary thresholds of 0.2% to 2.0%. The 
dataset used here contained 61 sequences belonging to 27 island populations of 9 native 
species. 9 island populations were represented by a single sequence. 50 sequences were 
correctly identified by the 'best match' criterion. At higher clustering thresholds, the 
'best closest match' query criterion yielded 1 (*) or 2 (*) misidentifications. 
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Additional files 
 
Table S1: A list of all samples included in the DNA barcoding study of Comoran 
squamates. The list includes voucher specimens, collecting details, and accession 
numbers for GenBank and BOLD. 
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5 Speciation in space and time 
5.1 PAPER: The complex colonization history of nocturnal geckos 
(Paroedura) on the Comoros Archipelago. 
While island biotas are often less species-rich and complex than continental biotas, they still 
show a high diversity of phylogenetic and biogeographic patterns. As introduced in Chapter 3.3, 
many earlier authors (reviewed in FUNK & WAGNER 1995) suggested that the colonization 
patterns of oceanic islands should often follow the stereotypic 'Progression Rule': Oceanic 
islands should be colonized by radiations of species whose colonization patterns followed the 
order of geological age and distance to the mainland of the islands. Most modern studies show 
that only few radiations follow the Progression Rule (FUNK & WAGNER 1995, WHITTAKER & 
FERNÁNDEZ-PALACIOS 2007, HEADS 2011); instead, they show that colonization patterns of 
oceanic islands are often almost unpredictable. This chapter describes the case study of 
Paroedura sanctijohannis GÜNTHER 1879, a nocturnal gecko endemic to the Comoros 
Archipelago. Previous to my study, authors assumed that this species was present on all four 
major islands of the archipelago (PARIS 1999, MEIRTE 2004). In HAWLITSCHEK (2008), I 
suggested that at least some of the island populations should be regarded as separate species that 
had emerged from a speciation process based on geographic separation. I backed this proposal 
with morphological data and a preliminary genetic screening that showed considerable 
divergences between the populations. However, due to the small sample size available then, and 
because no sequence data of any close outgroups was available, I failed to recognize that P. 
sanctijohannis sensu GÜNTHER (1879) and MEIRTE (2004) is paraphyletic and most likely 
represents two independent colonization events of the archipelago. The new results based on the 
data collected in my 2010 expedition to the Comoros are presented in this chapter. 
 
HAWLITSCHEK O., GLAW F. (2012): The complex colonization history of nocturnal geckos 
(Paroedura) on the Comoros Archipelago. Zoologica Scripta 42, 135-150. 
Post-publication comments and errata: 
p. 1:  This paper was published online in the Early View section of the journal website on 2012-
11-22. It was printed in the journal issue of March 2013. The species description was 
published with LSID and Zoobank entry and is therefore valid even if published online 
only (ICZN 2012). Therefore, the question remains whether Paroedura stellata 
HAWLITSCHEK & GLAW, 2012 or Paroedura stellata HAWLITSCHEK & GLAW, 2013 is the 
correct name of the species. According to LYUBOMIR PENEV (managing director of Pnesoft 
Publishers; e-mail 2013-03-29), the date of the first (i.e., online) publication should be 
valid, but the question does not appear to be finally resolved. As long as no further 
information is available I consider 2012 as the year of publication of the species 
description and use the name Paroedura stellata HAWLITSCHEK & GLAW, 2012. 
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5.2 PAPER: Pleistocene climate change promoted rapid 
diversification of aquatic invertebrates in Southeast 
Australia.  
Climate change happened over the entire history of planet Earth and always had a high impact 
also on island biogeography. For example, through climate change an island in the ocean may 
lose all its suitable habitats for a certain species that cannot adapt, and the island may thus 
'disappear' for this species even though it does not submerge in the ocean. Likewise, it may 're-
appear' and be re-colonized if climate changes back to suitable conditions. In terrestrial settings, 
habitats may change on altitudinal gradients, which becomes particularly obvious on mountains. 
Habitats may even disappear if their altitudinal bands are elevated to a range higher than the 
summit of the mountain. An attempt to present evidence for such events in the current phase of 
climate change has been made by RAXWORTHY et al. (2008). In recent geological history, the 
Earth's climate changed most drastically in the Pleistocene climate oscillations 2.5 mya to 
10,000 years ago that triggered the Ice Ages. It is out of question that these climate changes left 
massive alterations of habitats and entire biota in their wake. However, today, even such 
relatively recent events are hard to trace and interpret. Evidence can be found in the fossil and 
subfossil record, including pollen analyses, and from molecular data (HEWITT 2004, QUENTAL 
& MARSHALL 2010).  
This chapter presents the case of the Australian diving beetle genus Sternopriscus SHARP, 1882. 
Molecular, morphological, and ecological data suggest that, while the genus as a whole is 
diverse and most likely old, a very recent radiation has taken place that was probably catalyzed 
by the Pleistocene climate oscillations. No new species were described in this paper. 
Nevertheless, the attempt to retrospectively delimit the species of the Pleistocene radiation 
follows an integrative approach sensu MIRALLES et al. (2011), using the lines of evidence of 
morphology, mitochondrial DNA, nuclear DNA, and ecology. MtDNA and nDNA are not 
useful for species delimitation in this case, but the two lines of evidence of morphology and 
ecology support the status of all previously described species. 
HAWLITSCHEK O., HENDRICH L., ESPELAND M., TOUSSAINT E.F.A., GENNER M.J., BALKE M. 
(2012): Pleistocene climate change promoted rapid diversification of aquatic invertebrates in 
Southeast Australia. BMC Evolutionary Biology 12, 142. 
Post-publication comments and errata:  
p. 12:  According to HEADS (2011, p.7), the maximum diversification rate estimated by 
MENDELSON & SHAW (2005) may be an overestimate. For calibrating the phylogeny of 
their study system, the authors assumed that the clades could not be older than the 
islands they are endemic to. HEADS (2011) argues that, as shown by other examples in 
his article, the possibility that the clades are older than the island they are endemic to 
now cannot be easily dismissed, and the extraordinarily high speciation rates may be a 
methodological artifact. If this were the case, the speciation rate of the Sternopriscus 
tarsalis radiation presented in this chapter would be even more exceptional among 
insects, provided that the mutation rate of PAPADOPOULOU et al. (2010) used in my work 
is more reliable than the calibration by MENDELSON & SHAW (2005). See also discussion 
in Chapter 8.1.3. 
p. 12:  Last paragraph: "southwestern Australia" is erroneous, replace with "southeastern  
Australia" 
p. 14:  Reference [34] is published, Organisms Diversity & Evolution 12, 335–337.
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5.3 PAPER: Molecular phylogeny of the squeak beetles, a family 
with disjunct Palearctic – Australian range. 
The similarities and differences between island and continental biogeography were discussed in 
the introduction. At a global scale of space and time, however, continents become somewhat 
comparable to islands: they disconnected, joined, and were and are subject to climate change, 
either through changes in global climate or through shifts in the relative positions of the 
continents (FRISCH et al. 2010). 
To study continents as biogeographic islands requires a study organism that, just like the 
continents, can be studied at a global level and at large geological timescales. One such study 
system is the genus Hygrobia LATREILLE, 1804, the single genus of the aquatic beetle family 
Hygrobiidae. Hygrobia has a very uncommon global distribution, with one species from the 
western Palearctic, one from China, and the remaining four from Australia. This chapter 
attempts to clarify whether Hygrobia is actually as old as the continents it lives on (after the 
breakup of Pangea), or whether the genus is younger and its distribution is the result of recent 
dispersal events. 
 
HAWLITSCHEK O., HENDRICH L., BALKE M. (2012): Molecular phylogeny of the squeak 
beetles, a family with disjunct Palearctic – Australian range. Molecular Phylogenetics and 
Evolution 62, 550-554. 
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6 A modern view on species concepts 
6.1 PAPER: Ecological niche modelling and nDNA sequencing 
support a new, morphologically cryptic beetle species 
unveiled by DNA barcoding. 
In this chapter I present the case of a cryptic species that had previously not been described 
because it could not be distinguished by any morphological character studied. In the paper, the 
species is delimited following an integrative concept, although this is not explicitly formulated 
so. The lines of evidence – morphology, mitochondrial DNA, nuclear DNA, ecology – 
correspond (with the exception of ecology) to those described in MIRALLES et al. (2011). 
Ecology, in the quantifiable form of Ecological Niche Modeling, is introduced as an additional 
line of evidence. This case underlines that also species that cannot be distinguished from other 
species by any morphological characters warrant description, if they are supported by other 
lines of evidence. Not only do they represent separate evolutionary lineages, but – as in the 
present case – they may also show different responses to environmental factors. The latter is 
also of importance for applied ecology, conservation biology, and other fields of study that deal 
not alone with the measuring of biodiversity, but also have an environmental perspective. 
 
HAWLITSCHEK O., PORCH N., HENDRICH L., BALKE M. (2011): Ecological niche modelling and 
nDNA sequencing support a new, morphologically cryptic beetle species unveiled by DNA 
barcoding. PloS ONE 6: e16662. 
Post-publication comments and errata:  
p. 12:  Acknowledgements: We are also grateful to the EMBL team for processing the 
GenBank submissions, and to RICHARD PYLE (Honolulu) for providing LSIDs. 
p. 13:  Reference [41] is published, Plos ONE 5(12): e14448. 
p. 14:  Reference [75] is published, 2011, pp. 243–258 of 544 pp. Reference [76] is published, 
Global Change Biology 17: 194–205. Reference [77] is published, Biological Journal of 
the Linnaean Society 101: 155–168. Reference [88] is published, Ecography 33: 607–
611. 
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6.2 PAPER: Island evolution and systematic revision of Comoran 
snakes: why and when subspecies still make sense. 
This chapter presents the case of a radiation of Comoran snakes in which the different degrees 
of diversification are taken into account by assigning specific and subspecific rank to the 
detected taxonomical units. The concept of the 'lines of evidence' approach in integrative 
taxonomy (MIRALLES et al. 2011) explicitly states the possibility of assigning subspecific rank 
to taxa. However, whether the rank of subspecies should be maintained at all or not is a matter 
of debate in systematic zoology, especially in herpetology. 
 
[…] a perfect example of why subspecies do NOT make sense, and why 
they are NEVER appropriate! […] The authors present […] evidence for the 
existence of four distinct taxa. Why on earth would one not want to 
describe these as species!? That is like getting a full scholarship to Harvard, 
and deciding to go to a community college instead. […] Once again, I 
implore the authors to simply elevate these taxa to species […]. 
Anonymous, reviewer comment on this paper 
 
"While I may wail on Linnaean Systematics and the issues with ranks, and 
the use and potential loss of the concept of the 'genus' as an entity 
separate from that of the species, some authors out there are going at it in 
the opposite direction. That is, rather than concerning themselves with the 
issue of supraspecific ranks, they are looking as [sic] subspecific ranks. 
Subspecies, in fact." 
Jaime A. Headden in the blog "The Bite Stuff" at WordPress.com, on the following 
article 
 
The following article is one of the first publications including the descriptions of new taxa that 
were made after the amendment to the ICZN code of 4
th
 September, 2012 (ICZN 2012). 
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Figure 14: Specimens of Lycodryas maculatus comorensis with dark crossbands. A: Juvenile (male) 
specimen observed at Lac Karehani, Mayotte, on 2013-03-02. B: Adult male specimen observed at Pointe 
Handréma, Mayotte, on 2013-03-06. Photograph (B) by FRANK GLAW. 
  
 
 
HAWLITSCHEK O., NAGY Z.T., GLAW F. (2012): Island evolution and systematic revision of 
Comoran snakes: why and when subspecies still make sense. PloS ONE 7(8): e42970. 
Post-publication comments and errata:  
p. 6: In a field survey on Mayotte in 2013, several specimens of Lycodryas with dark 
crossbands were observed (Fig. 14). All were identified as L. maculatus comorensis, 
supporting the validity of this taxon.  
p. 12:  The paratype ZSM 43/2010, collected 02.03.2010, is erroneous. ZSM 43/2010 correctly 
designates the holotype. The paratype mentioned here is correctly referenced as ZSM 
44/2010, collected on 08.03.2010. 
p. 17:  References: reference numbers [42] and [43] are reversed. 
A B 
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7 Spin-off products 
7.1 What kind of spin-off products? 
In the course of the work I did for this dissertation, I was able to make progress with some side 
projects. I decided to exclude two of these projects completely from my dissertation because I 
had only a small part in their making, but I nevertheless want to mention them here because 
they are comprised in the same complex of work as the previous chapters on Australian diving 
beetles: 
HENDRICH L., HAWLITSCHEK O., BALKE M. (2009): The epigean Australasian species of 
Neobidessodes gen.n. diving beetles – a revision integrating morphology, cybertaxonomy, DNA 
taxonomy and phylogeny (Coleoptera: Dytiscidae, Bidessini). Zootaxa 2288: 1–41. 
HÁJEK J., HENDRICH L., HAWLITSCHEK O., BALKE M. (2010): Copelatus sibelaemontis sp. 
nov. (Coleoptera: Dytiscidae) from the Moluccas with generic assignment based on morphology 
and DNA sequence data. Acta Entomologica Musei Naturalis Pragae 50: 437–443. 
 
 
I call this chapter 'Spin-off products' because it includes two projects that do not really focus on 
the topic of 'Speciation and species delimitation'. These projects are nonetheless intimately 
connected with my other work on the Comoros and are – in my opinion – necessary to complete 
my dissertation, albeit in a less prominent place, because they lay the fundament for all the 
previous chapters on Comoran reptiles (Chapters 4 to 0) and sum the results for the public and 
for future researchers (Chapter 7.3). 
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7.2 PAPER: Integrating field surveys and remote sensing data to 
study distribution, habitat use and conservation status of the 
herpetofauna of the Comoro Islands. 
During my field surveys on the Comoros, I collected numerous voucher specimens and tissue 
for phylogenetic and taxonomic analyses. Aside from these, however, I collected a considerable 
amount of habitat and distributional data on all reptiles and the two amphibian species of the 
archipelago. Together with the results of an examination of museum records, these data allowed 
the clarification of some questionable species records. More importantly, however, in 
combination with data from my diploma thesis they allowed me to estimate which species were 
abundant and which were rare, and which species were common also in degraded habitats, 
while others depended on natural areas. After the publication of this paper, but based on it, I 
officially proposed IUCN Red List stati of threat for all described endemic Comoran reptile 
species that had not been previously assessed by other authors. This happened under the 
management of PHIL BOWLES (IUCN) in the course of the Madagascar Reptile Assessment 
2011.  
Some species had been assessed by previous authors. The proposals given in the paper were so 
far published only for species that had not been previously assessed. Table 6 gives an overview 
over all species concerned. All species records can be reviewed at the IUCN website 
(http://www.iucnredlist.org/). 
 
 
 
"There is one last reason for caring, and I believe that no other is 
necessary. It is certainly the reason why so many people have devoted 
their lives to protecting the likes of rhinos, parakeets, kakapos and dolphins. 
And it is simply this: the world would be a poorer, darker, lonelier place 
without them." 
Mark Carwardine 
 
  
154 
 
Table 6: IUCN Red List stati of Comoran endemic reptiles. *: Other Comoran taxa of Cryptoblepharus 
have not been assessed so far. **: Due to taxonomic changes (Chapters 5.1 and 6.1), the assessments of 
these taxa are in need of updating.  
Species 
Current official IUCN 
status assessed by  
Proposed status 
(HAWLITSCHEK et al. 
2012, Zookeys)  
Official IUCN status 
Amphiglossus johannae INEICH & MEIRTE 2011 Least Concern Least Concern 
Cryptoblepharus ater * INEICH 2010 Least Concern Data Deficient 
Furcifer cephalolepis CARPENTER 2011 Least Concern Least Concern 
Furcifer polleni HAWLITSCHEK & GLAW 2011 Least Concern Least Concern 
Liophidium mayottensis HAWLITSCHEK & GLAW 2011 
Endangered 
B1ab(iii)+2ab(iii) 
Endangered 
B1ab(iii)+2ab(iii) 
Lycodryas sanctijohannis** HAWLITSCHEK & GLAW 2011 Near Threatened Near Threatened 
Paroedura sanctijohannis** HAWLITSCHEK & GLAW 2011 
Endangered 
B1ab(iii)+2ab(iii) 
Endangered 
B1ab(iii)+2ab(iii) 
Phelsuma comorensis INEICH 2010 Near Threatened Least Concern 
Phelsuma nigristriata HAWLITSCHEK & GLAW 2011 Vulnerable D2 Vulnerable D2 
Phelsuma pasteuri HAWLITSCHEK & GLAW 2011 Near Threatened Near Threatened 
Phelsuma robertmertensi HAWLITSCHEK & GLAW 2011 
Endangered 
B1ab(iii)+2ab(iii) 
Endangered 
B1ab(iii)+2ab(iii) 
Phelsuma v-nigra INEICH 2010 Near Threatened Least Concern 
Trachylepis comorensis RAXWORTHY & BOWLES 2011 Least Concern Least Concern 
Typhlops comorensis HAWLITSCHEK & GLAW 2011 Data Deficient Data Deficient 
  
 
HAWLITSCHEK O., BRÜCKMANN B., BERGER J., GREEN K., GLAW F. (2011): Integrating field 
surveys and remote sensing data to study distribution, habitat use and conservation status of the 
herpetofauna of the Comoro Islands. Zookeys 144: 21-79.  
Post-publication comments and errata:  
p. 43: Unconfirmed records and taxonomic comments – Lycodon aulicus: An inspection of 
CAS (California Academy of Sciences, San Francisco, USA) 135119 on 2012-08-23 
showed that this is a specimen of Lyocdryas sanctijohannis. A number of other 
misidentified specimens of Comoran reptiles were detected at CAS. The only other 
recorded Comoran specimen of this species, FMNH (Field Museum of Natural History, 
Chicago, USA) 205907, could not yet be inspected, but it seems plausible that this is 
also a misidentification. In this case, the record of Lyocdon aulicus on the Comoros 
would be obsolete. I thank JENS VINDUM, San Francisco, for granting me access to the 
herpetological collection at CAS. 
p. 69:  Furcifer cephalolepis is erroneously stated as recorded at Mt. Benara, Mayotte. 
Correctly, this refers to F. polleni. F. cephalolepis is endemic to the island of Grand 
Comoro. 
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7.3 SmartHerper Comoros 
Cybertaxonomy makes access to taxonomic data easier by making use of online media. 
Currently, this mostly refers to online databases, online identification numbers, and the 
publication of taxonomic articles in online media (see Chapter 3.2.3). Printed books are still 
widely used as tools for the identification of species in the field by professional and non-
professional naturalists. Books are complemented by further accessory tools, such as GPS 
receivers, digital cameras, pens, and notebooks.  
The increasing availability of electric power supply, and mobile internet and telephone 
connection, even in remote regions of the planet also increase the utility of small portable 
computers, tablets, and cell phones for naturalist field work. If the prerequisites of power supply 
and connectivity are given, smartphones can be excellent tools in field surveys. Modern models 
have high data storage capacity, include a GPS receiver and a camera of sufficient quality, and 
allow the up- and download of data to and from the internet. Additionally, many models can be 
used for the short-range communication with other team members even in the absence of mobile 
phone network (Fig. 15). 
 
Figure 15: Weight and volume of some printed herpetological field guides and a smartphone. The ration 
of volume (of information) versus weight is an important factor in naturalist field work because the total 
weight of the equipment that can be carried to the field is limited. Smartphones with digital field guides, 
e.g., as mobile applications, may provide a useful alternative to printed guides. The pictured field guides 
are: TILBURY (2010), GLAW & VENCES (2007), LEENDERS (2001), and KWET (2005). 
 
 
A number of commercial mobile applications ('apps') are available on the market that contain 
picture, text, and map information on a certain set of species sorted by region or taxonomic 
group, similar to a traditional field guide (e.g., Green Mountain Digital 2012, Search Life Forms 
2012, VALOIS 2012). A few non-commercial apps allow and even encourage the contribution of 
locality and picture data by non-professional naturalists, using the GPS and camera functions of 
the users' smartphones (e.g., iNaturalist 2013). This 'citizen science' approach has already been 
used in a number of projects and has the advantage that much higher amounts of data on the 
distribution of the target organisms become available than could be collected by professionals 
alone. The disadvantages are that little data become available from regions that are hard to reach 
for non-professionals, and that the error rate in species identification is much higher (BONNEY 
et al. 2009, SILVERTOWN 2009). With smartphone apps, citizen scientists are not required to 
831 pp 
1,850 g 
496 pp 
1,423 g 
305 pp 
515 g 
252 pp 
385 g 
unlimited pp 
135 g 
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carry much equipment (camera, GPS, notebook) for surveying, but can collect data if they carry 
nothing but their smartphone (iNaturalist 2013). 
SmartHerper Comoros is such a smartphone app that functions similar to a traditional field 
guide by providing text, picture, and map information on the reptiles and amphibians of the 
Comoros Archipelago. An interactive identification key based on text and image information, 
users can identify all included species. Users can also see their own position in relation to 
known localities of reptiles and amphibians in the area of interest using the GPS function of 
their smartphone (Fig. 16).  
 
Figure 16: Screenshots of SmartHerper Comoros (developmental version). A: Species Accounts for every 
species of amphibians and reptiles present on the Comoros include text information and a photo gallery. 
B: A map view displays known localities of the queried species in relation to the user's position according 
to the smartphone GPS. C: An interactive identification key helps with identifying species in the field.  
   
 
The app is currently under development by collaboration of the Zoologische Staatssammlung, 
Munich (OLIVER HAWLITSCHEK, FRANK GLAW), and the University of Applied Sciences 
Rosenheim (DANIEL GUGGENBICHLER, RENÉ RÖSNER). A translation for a future French 
language version is provided by EMMANUEL F.A. TOUSSAINT (ZSM). SmartHerper Comoros is 
developed for the Android 2.3.3 (or higher) operating system for smartphones. Future versions 
for other operating systems (IOS, Windows Phone) are planned.  
The final version of SmartHerper Comoros will include a function by which the user can 
contribute locality and picture data via the camera and the GPS of his or her smartphone. This 
citizen scientist data will be uploaded to a database, checked by the administrator, and made 
available to the user community via regular updates. The app will be made available for free. I 
hope that SmartHerper Comoros will contribute to the dissemination and generation of 
knowledge on the biodiversity of its focus regions, the Comoros Archipelago, and thus stimulate 
interest in the observation and conservation of the regional biodiversity in visitors, e.g., 
ecotourists, and residents alike.   
A B C 
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8 Discussion 
8.1 What different biogeographic models tell us about the origin 
of species 
8.1.1 The case studies presented in this dissertation 
In my work for this dissertation, I followed the path that many researchers in evolutionary 
biology have taken before me: I studied an island system in order to gain insights into to 
mechanisms of speciation and evolution. At the same time, I studied similar phenomena in a 
continental system, attempting to make use of my experience with the supposedly less complex 
island system (WALLACE 1865). Indeed, the 28 reptile species of the Comoros are a much 
simpler system than 300+ species of Australian diving beetles. However, in both study systems 
a variety of biogeographic scenarios with different degrees of complexity was found (Table 7). 
 
Table 7: Summary of the speciation events studied in this dissertation. The proposed scenario of 
speciation is stated here, summarized below, and described exhaustively in the respective chapters. 
Study group Type Proposed scenario Chapter 
Comoran Paroedura reptiles / Comoros 
two independent colonization events of true oceanic 
islands 
5.1 
Comoran Lycodryas reptiles / Comoros archipelago speciation on true oceanic islands 6.2 
Hygrobiidae 
diving beetles / 
Australia 
'relic' distribution after breakup of Pangea 5.3 
Antiporus femoralis 
diving beetles / 
Australia 
splitting of ancestral range of mesic habitats by 
Miocene forming of Australian arid zone 
6.1 
Sternopriscus tarsalis 
radiation 
diving beetles / 
Australia 
isolation and re-expansion during Pleistocene 
climate oscillations, with ecological diversification 
and reproductive isolation 
5.2 
 
 
8.1.2 Summarizing discussion: speciation events in the Comoros 
I found that the biogeographic patterns of the Comoran system, too, were relatively complex 
despite its apparent relative simplicity. This was indicated by preliminary DNA-Barcoding 
studies (Chapter 4) and evaluated in more details for two endemic groups of reptiles in 
phylogenetic analyses (Chapters 5 and 0). In these studies, none of the colonization events of 
the Comoros by reptiles could be shown to clearly follow the Progression Rule (FUNK & 
WAGNER 1995) (but possibly the endemic Phelsuma radiation shows this pattern, see ROCHA et 
al. 2009 and Chapter 4). Instead, a variety of biogeographic patterns is indicated, including 
intra-island radiation, back-dispersal, and repeated colonization from the 'mainland' Madagascar 
(Table 8). This diversity in biogeographic patterns is in line with what was found for many 
groups of organisms in other oceanic archipelagoes, although the Progression Rule seems to be 
followed more often in other archipelagoes than in the Comoran organisms studied so far (see 
review in WHITTAKER & FERNÁNDEZ-PALACIOS 2007 and WHITTAKER et al. 2008). This may 
be because other archipelagoes are larger, geologically older, have more diverse biota, and have 
been studied more comprehensively (WHITTAKER & FERNÁNDEZ-PALACIOS 2007). 
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Table 8: Biogeographic patterns in Comoran reptiles, based on the biogeographic-evolutionary patterns 
proposed in FUNK & WAGNER (1995) and WHITTAKER & FERNÁNDEZ-PALACIOS (2007). See also Table 4. 
Group Pattern Comment Reference 
Comoran Phelsuma 
endemic radiation 
Progression Rule (?) 
relationship between populations of 
youngest islands not fully resolved 
ROCHA et al. 
(2009) 
Phelsuma pasteuri and 
P. robertmertensi 
intra-island 
radiation 
sympatric Phelsuma sister-species of 
Mayotte 
ROCHA et al. 
(2007, 2009) 
Paroedura of Anjouan back-dispersal 
possible re-colonization of Anjouan from 
geologically younger Grand Comoro after 
extinction event (volcano?) 
Chapter 5.1 
Comoran Lycodryas  stochastic 
apparent stochasticity in distribution in 
relation to the developmental history of the 
archipelago 
Chapter 6.2 
Comoran Geckolepis stochastic close to 'Progression Rule' pattern Chapter 4.1 
Trachylepis comorensis back-dispersal 
likely colonization in opposite direction of 
the 'Progression Rule' because of African 
instead of Malagasy origin 
ROCHA et al. 
(2010) 
Liophidium mayottensis recent colonization 
colonization of only a single island, 
genetically nested within mainland clade  
NAGY et al. (2012) 
and Chapter 6.2 
Phelsuma comorensis  recent colonization 
colonization of only a single island, 
genetically nested within mainland clade 
ROCHA et al. 
(2007, 2009) 
Oplurus cuvieri 
comorensis 
recent colonization 
colonization of only a single island, 
genetically nested within mainland clade 
MÜNCHENBERG et 
al. (2008) 
Comoran 
Cryptoblepharus 
recent colonization above-average dispersal abilities 
ROCHA et al. 
(2006) 
Comoran Ebenavia 
repeated coloni-
zation / extinction 
paraphyletic; Mayotte population is not 
sister group to other Comoran populations; 
possible extinction of older populations 
Chapter 4.1 
Comoran Paroedura 
repeated coloni-
zation / extinction 
paraphyletic; Mayotte population is not 
sister group to other Comoran populations; 
possible extinction of older populations 
Chapters 4,1 and 
5,1 
Comoran Paroedura 
fusion of 
paleoislands 
possible for the Grand Comoro population 
Chapters 4,1 and 
5,1 
Amphiglossus johannae unresolved 
likely recent colonization, mainland clade 
probably nested within Comoran 
populations; insufficient data 
Chapter 4,1 
Typhlops comorensis unresolved insufficient data (rare species) Chapter 4,1 
Comoran Furcifer unresolved 
insufficient data; only two islands 
colonized, lack of comprehensive 
phylogeny of the genus 
Chapter 4,1, 
ROCHA et al. 
(2005b) 
 
Among the more remarkable patterns in Comoran biogeography are the various events of 
repeated colonization of the Comoros. According to ROCHA et al. (2005b), the two endemic 
chameleon species of the genus Furcifer are the result of two separate colonization events, but 
this deserves further review in a comprehensive phylogeny of the entire genus. Most likely, 
Cryptoblepharus skinks also colonized the Comoros in two independent events (Chapter 4 and 
ROCHA et al. 2006). The opposite case is found in the skink Amphiglossus johannae, where the 
presumed mainland sister taxon A. ardouini is nested within the Comoran populations (Chapter 
4). The cases of Cryptoblepharus and Amphiglossus should be treated with caution because of 
the shallow divergences between the taxa in question. The Comoran clade of Lycodryas snakes 
appears paraphyletic in the DNA-Barcoding study (Chapter 4), but monophyletic in a multigene 
phylogeny (Chapter 6.2), and similar results might be obtained for the skink genus 
Amphiglossus. Deeper divergences were found in the gecko genera Ebenavia and Paroedura. In 
both cases, the Comoran populations are paraphyletic with respect to 'mainland' populations 
from Madagascar; the populations from the oldest island Mayotte are the sister groups to 
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Malagasy clades, whereas the other Comoran populations form a separate clade (Chapters 4 and 
5.1). For Paroedura, this relationship is supported by a multigene phylogeny and morphological 
studies. The question of why the populations inhabiting the oldest Comoran island Mayotte 
(Table 5) are more closely related to populations from Madagascar than from the Comoros is 
not easy to answer. Options are that: (1) Initially, Mayotte was not colonized at all, but only 
after the colonization of the other islands of the archipelago. However, in most other 
phylogenies of Comoran reptiles Mayotte appears to be the island colonized first, and there is 
no evidence why Mayotte should not have been initially colonized by Paroedura and Ebenavia. 
(2) The second colonization event took place while the original populations of Paroedura and 
Ebenavia, respectively, were still extant, but the original populations were later outcompeted by 
the new colonizers and went extinct. However, it is likely that in this case some kind of genetic 
introgression from the hypothetical original Paroedura populations could be found in the 
molecular markers studied. (3) The original population of Mayotte was extinct, e.g., due to 
volcanic activity, and the island was later re-colonized from Madagascar (see also discussion in 
Chapter 5.1). Both options (2) and (3) highlight that extinction events probably played a major 
role in the biogeography of the herpetofauna of the Comoros archipelago and should not be 
underestimated in future studies on island biogeography. 
One of the goals of my study of the phylogenies and the biogeography of the Comoran 
herpetofauna was to investigate the utility of this system for molecular clock studies. The use of 
oceanic island endemics as calibration points for divergence time estimates has been a matter of 
recent debate (HEADS et al. 2011, MELLO & SCHRAGO 2012); fossils are generally considered 
preferable to geological calibration points (DONOGHUE & BENTON 2007, FOREST 2009), but as 
explained in Chapter 5.3, the fossil record is not equally abundant for all groups of organisms, 
and molecular clock studies focusing on reptiles at low taxonomic levels (but also on beetles, as 
discussed below) often present the problem of a lack of fossil calibration points (HEADS 2005, 
PEPPER et al. 2011a). Species that are endemic to oceanic islands with available geological age 
estimates have been used widely, but this requires the assumption that the species in question 
diverged from its ancestral clade around the time of the emergence of the oceanic island, i.e., 
the ancestors of the endemic species colonized the island shortly after its origin. Consequently, 
a colonization and radiation pattern following the Progression Rule must be presumed if an 
island endemic species is to be used for the calibration of a molecular clock. 
As shown above and discussed in Chapter 5.1, there are several alternatives to this basal 
scenario: (1) The colonization event took place at a later date. (2) The clade of the species in 
question is older than the island it is endemic to, either because its closest mainland relative was 
extinct between the colonization event and present, or because the colonization took place via 
stepping stones that today no longer exist (see possible examples in RENNER 2004, RENNER et 
al. 2010). The latter scenario appears highly likely in the Comoros, where the Geyser and Leven 
Banks formed stepping stones for the colonization from Madagascar to the Comoros during the 
Pleistocene regression (Chapter 3.4.2). (3) The geological age estimates for the islands are not 
correct. Most estimates of the geological ages of oceanic islands (and all of the Comoros 
Islands) are based on rocks exposed on the surface of the islands. However, these surface rocks 
might cover older volcanic rocks that provide older and more correct age estimates, but are 
mostly inaccessible to scientists. This might be the case if older volcanoes become active after a 
period of inactivity. Alternatively, a volcano may be active over a longer period and 'wander', 
growing at one end and eroding at the other; in the result, the island would be old as a habitat 
for terrestrial organisms, but its stratigraphy would be composed entirely of younger rock 
(HEADS 2011). Such events are not expected in the hot spot theory, but most geologists are 
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aware that the mechanisms of the formation of volcanic islands are still poorly understood 
(SHERROD 2009), and some molecular clock studies have yielded results that question the 
estimates for the geological ages of some islands (RASSMANN 1997, THORPE et al. 2005). 
The Comoros include an example of an island whose biota appear to be much older than the 
geological age estimates. This was first speculated by ROCHA et al. (2005b), who found 
surprisingly high divergence between haplotypes within the population of the chameleon 
Furcifer cephalolepis. This species is endemic to Grand Comoro, the presumably geologically 
youngest island with an estimated age of 0.01 to 0.5 my (Table 5). ROCHA et al. (2005b) 
estimated, based on mutation rates of mitochondrial markers, that the haplotype divergence 
pointed towards an age of the population of F. cephalolepis of 0.63 to 1.76 my. In Chapter 5.1, I 
presented estimates for the age of the Grand Comoro population of the gecko Paroedura 
sanctijohannis of 0.7 to 2.7 my. As discussed in Chapter 4, the haplotype diversities of the 
Grand Comoro populations of many reptiles (e.g., Lycodryas cococola, Paroedura 
sanctijohannis) are relatively high. This supports the view that the populations of reptiles of 
Grand Comoro are older than the current age estimates for the island.  
 
8.1.3 Summarizing discussion: speciation events in Australian diving beetles 
The application of molecular clocks is even more difficult in Australian diving beetles: there are 
no reliable calibration points applicable to endemic Australian radiations. Fossils of aquatic 
beetles are globally scarce and almost completely missing from the region, and the existing 
fossils often cannot be reliably placed in the phylogenies (BALKE et al. 2004, 2007). Past 
geological events, such as the spreading of the arid zones and the genesis of the mesic biota, 
were gradual events over longer periods of geological history and are not useful for calibrating 
divergence time estimates (Chapter 6.1). However, these events were intimately linked to the 
diversification of the groups of diving beetles I studied (Table 9). The diversification events of 
diving beetles span a timescale an order of magnitude larger than those of Comoran reptiles, 
from the Mesozoic to the very recent past, and the mechanisms driving speciation can be 
assumed to be very different to those of the island reptiles.  
Table 9: Biogeographic hypotheses for Australian diving beetles studied in this dissertation. 
Group Distribution Origin Biogeography Reference 
Hygrobiidae 
Europe, China, 
Australia 
Mesozoic 
Vicariance after Pangea 
breakup 
Chapter 5.3 
Antiporus femoralis 
disjunct SW and SE 
Australia 
Lower 
Pleistocene 
disjunction of formerly 
connected habitat by 
aridification 
Chapter 6.1 
Sternopriscus tarsalis 
radiation 
mainly SE Australia 
and Tasmania 
Upper 
Pleistocene 
repeated isolation and re-
connection of habitats during 
Pleistocene climate oscillations 
Chapter 5.2 
 
Attempts of molecular dating of the diversification events of Australian waterbeetles could be 
made only using either fossils of outgroups (Chapter 5.3) or standard mutation rates (Chapters 
5.2 and 6.1). The results from both methods have to be treated with particular caution, but 
remain without alternatives. The analyses show the stark contrasts between ancient and recent 
diversification events: Only six extant species of Hygrobia are known worldwide, whose origin 
is dated to 221 to 163 mya, whereas an explosive radiation in the Sternopriscus tarsalis group 
estimated as recent as 130,000 to 60,000 years ago yielded ten species. Speciation in other 
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groups of waterbeetles seems to have occurred at a pace between these extremes, as shown by 
the relatively lower rates of other Sternopriscus species (Chapter 5.2) and by the split of 
Antiporus femoralis and A. occidentalis estimated at 1.0 to 1.9 mya. 
In chapter 5.2, I discuss whether the term 'species flock' is appropriate for the Sternopriscus 
tarsalis radiation. In this group of beetles, species are clearly distinguishable by male genital 
morphology and show a certain degree of ecological differentiation, but share haplotypes of 
mitochondrial and nuclear genetic markers. Species flocks have previously been described from 
radiations in lakes and on islands (GREENWOOD 1994, SCHÖN & MARTENS 2004), but not from 
continental regions. SCHÖN & MARTENS (2004) summarize the criteria to term a radiation of 
species a species flock as "speciosity [species-richness], monophyly and endemicity". While I 
argued that the former two criteria are met by the Sternopriscus tarsalis radiation, the species do 
not share a clearly circumscribed common area of endemism today. However, they likely did so 
during a stage in the speciation process: As argued in Chapter 5.2, the origin of this radiation is 
in time with the Pleistocene climate oscillations, and these can be suggested as a driving force 
of speciation in this group. In this scenario, populations of the ancestral species were repeatedly 
forced to retreat into refugia from the unsuitable climate from which they would expand during 
periods of favorable climate. These cycles might have led to divergent ecological adaptations in 
isolated populations, depending on the environment of the respective refuges, and to the fixation 
of morphological characters supporting reproductive isolation, thus promoting speciation. In the 
current period of stable climate, the species had time to disperse and were no longer confined to 
their ancestral areas. Therefore, the term 'species flock' may rather be attributed to a past than to 
the present stage of speciation in the Sternopriscus tarsalis radiation. 
The sister species Antiporus femoralis and A. occidentalis present a less extreme example of 
speciation at a presumably slower pace (Chapter 6.1). Just like in Sternopriscus, climate change 
was likely the driving force of speciation. However, this climate change was a more gradual one 
– over millions of years, the formation of the southern Australian arid zone presumably 
separated the population of the ancestral species of A. femoralis and A. occidentalis. Today, the 
two sister species live in allopatric habitats of mesic climate that are more similar to each other 
than to the separating arid zone regarding temperature and precipitation. Yet the habitat of A. 
occidentalis shows a stronger seasonality in precipitation than that of A. femoralis. According to 
the identity and background tests of the Ecological Niche Models of the two species, the 
divergence of their climate envelopes is higher than what would be expected from the climatic 
difference in the allopatric ranges alone. This suggests that some degree of niche diversification 
has evolved between these two taxa as an adaptive response to the respective habitats. 
In contrast to both previously discussed groups of Australian beetles, Hygrobiidae has a very 
ancient origin. As discussed in Chapter 5.3, the present-day distribution of this morphologically 
conservative family is thought to be formed by vicariance rather than by dispersal. In global 
terms, this distribution with one species in Europe, one in China, and four in Australia, can be 
considered relictual, although this term implies that the species inhabit very small 'relictual' 
areas. Instead, the European and Australian species of this family are very widespread. The deep 
divergences between the Eurasian and the Australian clades favor vicariance over dispersal in 
explaining the family's present-day distribution. According to my estimate, the clades 
represented by the extant species formed around the time of the breakup of Pangea. Therefore, 
the driving force of speciation in Hygrobiidae as a whole can be assumed to be isolation by 
plate tectonics.  
221 
 
8.2 Allopatry vs. sympatry, dispersal vs. vicariance, adaptiveness 
vs. non-adaptiveness 
The five cases that were studied extensively in this dissertation present five different and unique 
events of speciation, all of which were influenced by different biogeographic settings and 
environmental factors (Table 10).  
Table 10: Summary of the characteristics of speciation in the study groups. Assumed from the results for 
every group, several factors that influence speciation are given. 'Biogeography' states whether a 
dispersal or vicariance scenario is seen as the more likely explanation for an allopatric distribution, or 
whether the species occupy sympatric ranges today. 'Radiation' states whether (as discussed in this 
chapter) these clades are assumed to have undergone adaptive or non-adaptive radiation. 
Study group Type Biogeography Radiation Chapter 
Comoran Paroedura reptiles / Comoros dispersal non-adaptive 5.1 
Comoran Lycodryas reptiles / Comoros dispersal non-adaptive 6.2 
Hygrobiidae 
aquatic beetles / global, 
Australia 
vicariance ? 5.3 
Antiporus femoralis diving beetles / Australia 
dispersal / 
vicariance? 
? 6.1 
Sternopriscus tarsalis 
radiation 
diving beetles / Australia 
broadly 
sympatric 
adaptive 5.2 
 
In any attempt to understand the mechanisms of speciation it is important to gather indications 
for how the present-day distribution of the study group was formed. For most of the 20
th
 
century, speciation was assumed to occur almost exclusively in allopatry (MAYR 1954, 1963, 
TURELLI et al. 2001). In the last decades sympatric speciation has been shown to be more 
common than previously thought (FUTUYMA & MAYER 1980, SCHLIEWEN et al. 1994, VIA 
2001). It is not always easy to reconstruct the geography of the speciation of extant taxa, as their 
present-day geographical distribution may differ from their distribution at the time of speciation 
(LYNCH 1989, BARRACLOUGH & VOGLER 2000). Sympatric speciation has often been assumed 
for closely related species that live in sympatry today (MATTERN & MCLENNAN 2000, LOSOS 
& GLOR 2003), but the ranges of such species may have expanded after the speciation stage 
(HEWITT 2004, RIBERA & VOGLER 2004). Allopatry in turn can be explained by dispersal, i.e., 
the colonization of habitats after their isolation, or vicariance, i.e., the fragmentation of an 
ancestral habitat and its population. Evidence for vicariance can often be found in the fossil 
record, but no fossils are available from the groups I studied here (possibly only for Hygrobia, 
Chapter 5.3). Molecular divergence time estimates are another approach to clarify the question 
of dispersal vs. vicariance which, again, is difficult if fossil calibration points are rare or absent.  
In the cases of the Comoran reptiles, the question is easy to answer. Native terrestrial 
organisms, including the ancestors of endemic species, have necessarily colonized true oceanic 
islands via dispersal, since these islands are geologically young and have never had any 
connection to any other landmass. Speciation has therefore occurred in allopatry (but see 
exceptions in Table 8). Lycodryas snakes present the most straightforward of the example 
presented here, in which every island is inhabited by a separate species or subspecies of a 
monophyletic group or species complex (Chapter 6.2). WHITTAKER & FERNÁNDEZ-PALACIOS 
(2007) use the term 'archipelago speciation' for this mode of speciation. Some other endemic 
Comoran radiations of reptiles follow this example (Table 8). The case of Paroedura geckos 
does not match this concept of 'archipelago speciation' because this genus colonized the 
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archipelago in two independent events (Chapter 5.1). However, both subsequent speciation 
events took place in areas isolated from the mainland and from each other, therefore in 
allopatry.  
In Australian aquatic beetles, the scenarios are more complex, as predicted at the beginning of 
this chapter. The questions of whether speciation has occurred in sympatry or in allopatry, and 
whether allopatric ranges result from vicariance or dispersal, are not easily answered and rely 
much more on inference from models of past climate and geology than in the cases of island 
species. The case of Antiporus femoralis and A. occidentalis is comparably easy to explain. 
These two sister species are suggested to represent successors of the formerly connected 
population of their ancestral species. However, the speciation event was dated to 1.9 to 1.0 mya, 
so it is not easy to determine whether the two species result from vicariance or from a dispersal 
event over the forming arid zone. (Chapter 6.1). In my more complex scenario suggested for the 
Sternopriscus tarsalis radiation, speciation occurred through repeated retreats of populations 
into glacial refuges and subsequent re-expansions (Chapter 5.2). This kind of speciation has an 
allopatric (refuges) and a sympatric (likely overlapping expanded ranges) component and does 
not easily fit the typical distinction between these two alternative models. The origin of the 
Hygrobiidae, with present-day species found in Europe, East Asia, and Australia, is estimated 
around the breakup of the Mesozoic super-continent Pangea (the speciation between the four 
species of the Australian clade is not in the focus of this work; Chapter 5.3). The very far 
disjunct ranges suggest an allopatric scenario. The diversification time estimates do not allow 
any reliably estimation of whether the family diversified shortly before or after the breakup of 
Pangea. If the diversification took place after the breakup, the ancestors of the extant clades 
must have reached their present-day ranges by dispersal between the continents. If the 
diversification took place earlier, then the extant species are relics of a presumably former 
Pangean distribution. 
Another aspect of speciation is adaptiveness. 'Adaptive radiation' is commonly used as a 
standing term and goes back to typical examples such as that of the Darwin Finches, whose 
species show many clear adaptations to ecological factors (GRANT 1984). However, many 
authors argued that speciation needs not necessarily have an adaptive base: differences between 
species might be limited to (secondary) sexual traits, or purely genetic mechanisms such as 
polyploidization or gene duplication might have initiated speciation (GITTENBERGER 1991, 
SCHLUTER 2000, SCHÖN & MARTENS 2004). With the exception of mechanisms like 
polyploidization which create an 'instant' reproductive barrier, however, it will always be 
difficult to decide whether traits that distinguish species are adaptive or not (WHITTAKER & 
FERNÁNDEZ-PALACIOS 2007). For us to be recognized as such, species necessarily need to be 
distinguishable in some traits, be they morphological, genetic, genomic, ecological, or 
behavioral. Consequently, the decision whether a trait is adaptive or not will in many cases be 
an arbitrary one, especially if the trait is to be non-adaptive: SCHÖN & MARTENS (2004) point 
out that "one can never demonstrate to satisfaction that no diversification has occurred in any of 
the niche dimensions". Therefore, I follow these authors in arguing that any claim that a 
speciation or radiation is non-adaptive has to be a tentative one.  
Consequently, I tentatively argue that the speciation in the Comoran reptiles studied is mostly 
non-adaptive. Most likely, the adaptive step was taken upon the first colonization of the 
archipelago, when the new island populations adapted to the island environment. There are 
significant morphological differences between each the Comoran Lycodryas snakes and both 
Comoran Paroedura clades and their respective mainland sister taxa. Comoran Lycodryas are 
larger than their mainland counterparts and show a remarkable sexual dimorphism, whereas 
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Comoran Paroedura are smaller and more cryptic both in adult and juvenile coloration. In 
Chapters 5.1 and 6.2, I present arguments for why these traits are adaptations to the island 
environment. More remarkably, the adaptive traits are even shared between the not closely 
related Comoran clades of Paroedura, suggesting an example of convergent adaptation to the 
same environmental constraints. Within the Comoran clades of Lycodryas and Paroedura, on 
the other hand, these traits are very conservative, and morphological differences are small and 
likely attributable to drift or sexual selection. Therefore, I suggest that the speciation in these 
cases had an initial adaptive and a subsequent non-adaptive component. 
Again, the situation is more complex in the continental scenario. The ancient and vicariant 
Hygrobiidae are morphologically and ecologically relatively conservative, and therefore, they 
may seem to present a case of non-adaptive speciation (again, disregarding the Australian 
radiation; Chapter 5.3). However, the ancient origin of the lineage makes it very hard to infer 
which factors promoted its speciation. Arguably, the speciation of Hygrobiidae likely has an 
adaptive component because: (1) Today, the species inhabit ecologically very different ranges, 
and some species appear to have broader ecological amplitudes than others. This suggests 
divergent adaptations to ecological variables. (2) The global environments underwent massive 
changes since the estimated split between the Eurasian and Australian lineages of Hygrobiidae 
in the Mesozoic, and, like almost all organisms that survived these events, Hygrobiids must 
have a long history of specific adaptation to these changes. This leads to the question whether 
speciation was followed by adaptation or the other way round (SCHÖN & MARTENS 2004). This 
question is very hard to answer especially for such ancient diversification events, for which the 
past diversity and the ecological conditions are hard to reconstruct. But even young speciation 
events may pose similar problems, such as Antiporus femoralis and A. occidentalis (Chapter 
6.1). While the two species are indistinguishable in all morphological characters studied, they 
are divergently adapted to the climates of their distributional ranges. Possibly, the adaptation to 
different climatic backgrounds followed the isolation of the population. However, my data does 
not allow for correlating the age of speciation with the onset of habitat diversification with 
sufficient precision. Therefore, divergent adaptation may alternatively have already contributed 
to the speciation process in this group. 
There is one case left that can be argued to represent an example of an adaptive radiation. I 
showed in Chapter 5.2 that the ten species of the Sternopriscus tarsalis radiation show very 
divergent responses to ecological parameters of climate and habitat. In the groups discussed so 
far, the adaptive component in speciation appears to be a mere consequence of the different 
ecological backgrounds in the allopatric ranges occupied by the species. In the Sternopriscus 
tarsalis radiation the adaptation to divergent habitats and climates may have been a driving 
force of speciation because, according to the scenario presented here, the ranges of the incipient 
species repeatedly overlapped and do so even today.  
This summary of the various case studies presented in this dissertation confirms WALLACE'S 
(1902) view that the less complex systems of evolution and speciation in islands teach us 
lessons in that help us to understand the more complex continental scenarios. But island systems 
can be complex in their own ways, and every new study contributes towards our understanding 
of island biogeography, evolution, and speciation.  
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8.3 The species problem in 2013: how DNA-barcoding, 
cybertaxonomy, and integrative taxonomy may help 
This dissertation includes the descriptions of three species and two subspecies new to science. 
This is a mere drop in the ocean of another 2 to 8 million species remaining to be described on 
planet Earth (COSTELLO et al. 2013). As already introduced in Chapter 3.2.3, taxonomy in the 
21
st
 century faces the following problems: (1) An extremely high number of taxa remain to be 
described. (2) The amount of taxonomic literature that has to be reviewed for every description 
is immense and grows with every new description. (3) The availability of new data from, e.g., 
molecular phylogenies, ecological, and behavioral studies, has shown that arbitrary decisions on 
the taxonomic status of organisms based on 'taxonomic expertise' alone may lead to confusion 
and the need of numerous taxonomic revisions (PADIAL et al. 2009, 2010, MIRALLES et al. 
2011). Therefore, taxonomists need to be capable of (1) quickly recognizing potentially new 
taxa, (2) quickly verifying the identifications of taxa with taxonomic data available worldwide, 
and (3) delimiting taxa as objectively, reliably, and sustainably as possible. 
In this chapter, I discuss the following developments in taxonomy that may be helpful in 
tackling the problems stated above: (1) DNA Barcoding, (2) cybertaxonomy, and (3) integrative 
taxonomy. 
Chapters 4 to 0 of this dissertation demonstrate the importance of DNA barcoding in modern 
taxonomy, in line with the previous work of many authors (HEBERT et al. 2003, 2004 
SAVOLAINEN et al. 2005, HAJIABAEI et al. 2007). All taxa that were newly described in the 
course of this dissertation were initially detected by DNA barcoding or comparable DNA 
screening techniques (Table 11). All these newly described taxa are cryptic species or 
subspecies whose identification was then confirmed by morphological and / or ecological data. 
Table 11: The importance of DNA Barcoding for the taxonomic work conducted in this thesis. 
Species Type Detection Description 
Antiporus occidentalis diving beetle / Australia 
Barcoding auf Australian Dytiscidae 
(HENDRICH et al. 2010) 
Chapter 6.1 
Paroedura stellata reptile / Comoros 
DNA screening of Comoran reptiles (see 
Chapter 4.1) 
Chapter 5.1 
Comoran Lycodryas taxa reptile / Comoros 
DNA screening of Comoran reptiles (see 
Chapter 4.1) 
Chapter 6.2 
 
These cryptic taxa had previously not been recognized most likely because of their 
morphological similarity to closely related taxa. This is particularly remarkable in Paroedura 
stellata, as discussed in Chapters 5.1 and 8.1.2: This gecko can be distinguished from the other 
Comoran form P. sanctijohannis by meristic characters, but the two species are more similar to 
each other regarding adult and juvenile coloration than to the mainland sister taxa of P. stellata. 
This similarity may have resulted from convergent adaptation to the island environment and 
'hid' the distinct status of P. stellata. No morphological character was found that could be used 
to distinguish the cryptic beetle species Antiporus occidentalis from its sister taxon A. femoralis. 
In this case, the DNA barcoding result was supported by further mtDNA, nDNA, and 
Ecological Niche Modeling. In addition to the cases studied in this work (Table 11), the 
barcoding analyses of Comoran reptiles (Chapter 4) and Australian diving beetles (HENDRICH et 
al. 2010) indicate many new directives for further taxonomic studies.  
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My studies also provide examples for the importance of taxonomic research, here based on 
initial DNA barcoding and screening, in conservation. With the descriptions of Antiporus 
occidentalis and Paroedura stellata I also provided evidence for the ecological distinctness of 
these taxa from their respective sister species (with which they had previously been considered 
conspecific; Chapters 4 and 5.1). I could demonstrate, based on habitat data, that P. stellata 
warrants a lower threat status (Vulnerable according to IUCN 2001) than its sister P. 
sanctijohannis (Endangered). This underlines the importance of protection measures for the 
latter species now that its formerly 'safest' island population was found to belong to a different 
species (HAWLITSCHEK & GLAW 2011, Chapter 7.2). 
DNA barcoding, as also underlined by the work done in this dissertation, is becoming a standard 
method also in taxonomic and conservation research. Most likely, the establishment of Next-
Generation Sequencing methods will further contribute towards this development and 
considerably accelerate the process of inventorying biodiversity. These methods allow not only 
the reliable processing of high numbers of samples in very short time, but also completely new 
ways of sampling, such as environmental sequencing (VALENTINI et al. 2009, HAJIBABAEI et al. 
2011).  
In my taxonomic work following the initial barcoding step, I relied heavily on historic literature 
on Comoran reptiles (Chapters 5.1 and 6.2). While I knew that the total available literature on 
this topic was manageable, I was also aware that insufficient exposition of cryptic 
nomenclatural acts and availability of old literature may present problems in taxonomic work 
(see GLAW et al. 2007 and CADLE & INEICH 2008). Therefore I aimed at maximizing the 
exposition, availability, and impact of my taxonomic results using the following methods that 
are broadly summarized under the term 'cybertaxonomy'. (a) I requested LSIDs for every 
taxonomic publication and every taxon. (b) I preferred to publish in open-access journals. (c) I 
created Species-ID entries that included correctly identified photographs of the species and 
could be linked to the publications. (d) I uploaded all sequence data to GenBank via EMBL. I 
hope that this course of action will facilitate the dissemination of my results and make them 
easily accessible for future researchers relying on my contributions to taxonomic literature. 
In the next step following publication accompanied by these 'basic' cybertaxonomic actions, the 
results – at least those of my research on Comoran reptiles – are to be made available to the 
broad public. In Chapter 7.3, I introduce SmartHerper Comoros, a project that is still in 
development but whose publication is planned for the same year as the submission of this 
dissertation. SmartHerper Comoros will be a mobile application for smartphones that provides 
users with basic information on the identification and biology of Comoran reptiles, like a 
traditional field guide. Users will furthermore be able to use the application to contribute data 
on these species via direct upload of photographs and GPS coordinates. This spans the bridge 
between professional and citizen science and is hoped to raise public interest in the animals as 
well as awareness for conservation efforts. 
The cybertaxonomic methods (upload to GenBank, creating Species-ID pages etc.) require 
additional effort from the author of a taxonomic description, but make it easier for readers – 
among them potential authors of future taxonomic descriptions or revision – to access and filter 
the total high amount of taxonomic information (HENDRICH et al. 2009, WINTERTON 2009, 
VENIN et al. 2010, HENDRICH & BALKE 2011). I argue that consequently, if all taxonomists use 
these methods, the additional effort required for cybertaxonomy will be more than compensated 
for by the benefits of an easier review of taxonomic data and literature. The same is most likely 
true for integrative taxonomic approaches: they require additional effort from the author of a 
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taxonomic description, but in the future, less effort may be required for taxonomic revisions 
conducted by the same or other authors on the same taxa. 
All taxonomic descriptions included in this dissertation follow an approach of integrative 
taxonomy, using analyses of various genetic and morphological characters (Table 12). All 
descriptions of reptiles (Chapters 5.1 and 6.2) explicitly follow the lines of evidence approach 
with Integration by Partial Congruence proposed by MIRALLES et al. (2011). The description of 
the beetle Antiporus occidentalis does not nominally follow this approach, but is based on a 
similar methodology using evidence from different kinds of data (Chapter 6.1). The same is true 
for the analysis of the Sternopriscus tarsalis radiation, in which no new taxa are described, but 
the delimitation of previously described taxa is re-analyzed (Chapter 5.2).  
Table 12: Integrative taxonomy in this dissertation following the lines of evidence approach (MIRALLES et 
al. 2011) or a comparable methodology. The table shows which lines of evidence supported species 
delimitation in which study group. *: Not evaluated because no distinction was expected. 
Group Type mtDNA nDNA morphology ecology Chapter 
Antiporus occidentalis diving beetle / Australia yes yes no yes 6.1 
Sternopriscus tarsalis 
radiation 
diving beetle / Australia no no yes yes 5.2 
Paroedura stellata reptile / Comoros yes yes yes yes 5.1 
Comoran Lycodryas 
species 
reptile / Comoros yes no yes * 6.2 
Comoran Lycodryas 
subspecies 
reptile / Comoros yes no no * 6.2 
 
MIRALLES et al. (2011) proposed the lines of evidence of mtDNA, nDNA, and morphology. In 
addition to these lines, I used ecological data in most integrative taxonomic analyses. In 
Antiporus and Sternopriscus beetles (Chapters 6.1 and 5.2), I used the quantitative data 
presented by the results of Ecological Niche Modeling. The niche identity and background tests 
of ENMtools (WARREN et al. 2008, 2010) provide a statistical means of estimating the 
significance of ecological divergence between species. This allows the use of Ecological Niche 
Modeling as a tool for objectively testing diversification as an additional line of evidence. In 
Sternopriscus (Chapter 5.2), I additionally used qualitative ecological data (altitudinal range 
categories and habitat type) to support the results of the Ecological Niche Modeling. In 
Comoran Paroedura geckos (Chapter 5.1), I did not use ecological data as an explicit line of 
evidence, but I used qualitative ecological data on habitats to support the results of the lines of 
evidence of mtDNA, nDNA, and morphology. In Lycodryas snakes (Chapter 6.2), I did not use 
ecological data at all because field observations suggested that no ecological diversification 
between the populations of this group could be detected using available data. Lycodryas is the 
only case in which the lines of evidence approach yielded not only species, but also subspecies. 
The addition of further lines of evidence, based on other types of data, is possible. Bioacoustic 
(SINSCH & SCHNEIDER 2009, GLAW et al. 2010), behavioral (TÖPFER-HOFMANN 2000), 
genomic (STÖCK et al. 2006), biochemical (REINERT et al. 1997), and many other sources of 
data have been used in species descriptions. Mostly, the basic directive of MIRALLES et al. 
(2011) should be followed that divergence in one line of evidence suggests subspecific status, 
and divergence in two or more lines suggests specific status of the candidate species in question. 
However, divergence in some characters may present direct evidence that the candidate species 
is indeed a separate species according to most Operational Criteria of the Unified Species 
Concept. VIEITES et al. (2009) mainly based their Candidate Species Approach on such traits 
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that mediate reproductive isolation or that are known to provide evidence for lineage separation. 
I call these types of evidence 'trump traits' because they 'win' over other lines of evidence and 
directly suggest specific status, even if the results of other lines of evidence are conflicting. 
Examples for such trump traits may be genomic characters such as differences in ploidy (as 
found in, e.g., STÖCK et al. 2006), morphological or other traits clearly suggesting intrinsic 
reproductive isolation (e.g., USAMI et al. 2006, MIKKOLA 2008), or empirical evidence clearly 
suggesting reproductive isolation (e.g., RICO-MARTÍNEZ 1997, TÖPFER-HOFMANN 2000, 
UHART & ALBERTO 2009). Additionally, phylogenetic data may provide evidence that the 
candidate species in question do not form a monophyletic group. I found this in Chapter 5.1 for 
two taxa previously considered conspecific, Paroedura stellata and P. sanctijohannis. 
Nevertheless I followed an integrative taxonomic approach to gather evidence for the taxonomic 
status of all species comprised in the clade together with P. stellata and P. sanctijohannis. 
This example illustrates that the finding of trump traits should not make other lines of evidence 
superfluous. I propose that other lines of evidence should still be investigated as a back-up for 
errors in the analysis of the trump traits, and for future comparisons with other species for which 
the trump trait line of evidence does not fit. More likely, trump traits may prove particularly 
useful in cases in which the other lines of evidence present unclear or conflicting results, and 
they partly allow overcoming the arbitrary selection of a number of lines of evidence that has to 
be met to recognize species.  
As discussed above, one of the major problems in modern taxonomy is the need of efficiently 
describing a high number of taxa. In many cases, an integrative approach exploring many lines 
of evidence may consume more time and effort than can be allocated to taxonomical work. 
Therefore, I want to point out that integrative taxonomy remains a tool that is mainly helpful in 
critical cases of species delimitation, in which only the exploration of several lines of evidence 
will yield satisfactory results. In other cases, formal descriptions for high numbers of species 
based on few lines of evidence (e.g., DNA barcode + morphological description of key 
characters) may be rapidly provided and distributed using cybertaxonomic methods (e.g., Riedel 
et al. 2013a, 2013b). One of the most helpful tools for this rapid taxonomic work may be the use 
of 'natural language' for species descriptions. There, the morphological data is integrated in a 
description that is created by software and can also be read by the same software as well as by 
human readers (DALLWITZ 1980). 
Finally, all these tools that are available in modern taxonomy will increase the efficiency and 
the sustainability of taxon descriptions and other taxonomic work, but will still require the 
experience and the common sense of the taxonomist. 
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8.4 Species – apple of discord and currency of biodiversity 
research 
 
"It is clear that the arguments [about species concepts] will persist for years 
to come but equally clear that, like barnacles on a whale, their main 
effect is to retard slightly the progress of the field. Ultimately, speciation will 
require less rumination and more perspiration." 
Jerry Allan Coyne  
 
"We neither wish to contribute more fuel to the debate, nor add another 
barnacle to Coyne's whale." 
Loren H. Rieseberg and John M. Burke in "The biological reality of species: gene 
flow, selection, and collective evolution" 
 
I discussed in the previous chapters that (1) our understanding of the nature and definition of 
species is becoming more and more precise, but also more and more different from the 
traditional understanding of species, and (2) modern tools will likely make taxonomy a more 
and more hypothesis-based, but also automatized science. Both these insights cause 
considerable discord within the scientific community. 
A common agreement on the general definition of species is fundamental for taxonomy, as it 
allows for the agreement of taxonomists on the delimitation of individual species (HAUSDORF 
2011). However, this agreement is still based more on the experience of taxonomic experts, as it 
was in DARWIN'S times: "No one definition has satisfied all naturalists; yet every naturalist 
knows vaguely what he means when he speaks of a species" (DARWIN 1859). Scientists 
questioned the sense of the debate on the species problem already decades ago (COYNE 1992), 
but new species concepts are still being published and heating the debate (DE QUEIROZ 2005, 
HAUSDORF 2011). The Unified Species Concept (DE QUEIROZ 2007) is an attempt to find a 
solution by subsuming all previously published species concepts. It was welcomed by many 
researchers (PADIAL et al. 2009, 2010), most likely in part because it presented a compromise 
that might de-escalate the debate. However, some authors reject this concept, arguing that it is 
no more than a compromise and that it does not offer a real solution: this could only be done by 
a single species concept on which all biologists can agree (HAUSDORF 2011). However, such a 
'final species concept' is not in sight. As demonstrated in this dissertation, the Unified Species 
Concept has proven a good working concept that can be successfully applied in integrative 
taxonomy. 
Integrative taxonomy makes taxonomic work more sustainable, and cybertaxonomy makes 
taxonomic work more efficient and faster. The ICZN decision of 4
th
 September, 2012 (ICZN 
2012), removed a major obstacle to the speed of species descriptions by allowing valid taxon 
descriptions in online media. These developments accompany exhaustive and vivid discussions 
on new taxonomic concepts (CANTINO & DE QUEIROZ 2000, NIXON et al. 2003, HEBERT  et al. 
2003, MALLET & WILLMOTT 2003, EVENHUIS 2007, FLOWERS 2007, MILLER 2007, VIEITES et 
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al. 2009, PADIAL et al. 2009, 2010, HASZPRUNAR 2011, DE QUEIROZ 2012). This 'Taxonomic 
Renaissance' is bringing taxonomy back into the spotlight of scientific attention as a 
fundamental discipline of biology and shows the importance of this discipline in modern 
biodiversity research, and not too early: Taxonomy needs to be a modern, dynamic, and 
efficient scientific discipline in order to cope with the challenge that the largest part of 
biodiversity on Earth is still unknown to science and at the same time threatened by human 
activity (FLOWERS 2007). I believe that taxonomy, as an integral sub-discipline of biodiversity 
research, bears some responsibility towards biodiversity and its conservation. However, like all 
disciplines of research, biodiversity research also bears responsibility towards the public. 
Discovering and naming species, and reporting about named species, is one of the major, even 
stereotypical, services that the public demands from biology. 
Whenever any taxonomic rank is in the focus of para-taxonomists, citizen scientists, or the 
broad public, it is that of the species. Species, and their names, are important because they are 
the only taxonomic rank for which any objective definition is possible. Therefore, almost all 
counts of categories of organisms refer to species. These may be counts of economically 
important species, species dangerous to man, species available as pets, or threatened species. 
For this reason, species are the most important concept – the 'currency' – in biodiversity 
research. For the same reason, I believe that contributions to the debate on the species problem 
do make sense, and that they will produce many insights that will advance our understanding of 
speciation, evolution, and biology as a whole. 
 
230 
 
9 Major conclusions of this dissertation 
The following very compressed list sums the most important conclusions drawn from the work 
of this dissertation. All methods, results, and references are found in the previous chapters. 
Below the list, a sum of numbers and facts concerning this dissertation is presented. 
 
 
 
 The natural colonization of the Comoros islands by various groups of reptiles did 
not follow any repeating pattern strongly correlated with the geographic positions or 
the geological age of the islands. Rather, the islands were colonized by different 
reptile groups in different ways, most likely including various extinction and re-
colonization events. 
 Species in study groups of Australian aquatic beetles were shown to be of very 
different ages, from Mesozoic in Hygrobia over Neogene in Antiporus to 
Pleistocene in Sternopriscus. Neogene speciation events were correlated with past 
climate change as the presumed major trigger. 
 Molecular genetic data of reptiles indicate that at least one island of the Comoros 
Archipelago, Grand Comoro, may be considerably older than the geological 
estimates of its age. Age estimates for the island are 0.01 to 0.5 my, however, the 
age of the endemic island clade of Paroedura geckos is estimated to 0.7 to 2.7 
my. This is supported by comparably high haplotype diversity in the endemic clades 
of other reptiles in the same island. 
 Some morphological traits of Comoran endemic reptiles were highlighted and 
discussed as possible adaptations to the island environment. These traits are 
the highly similar, but likely convergent, cryptic adult and juvenile coloration of 
Paroedura geckos, the increased size of Lycodryas and Liophidium snakes, and 
the sexual dimorphism in Lycodryas. The traits suggest a clearly adaptive 
component in the speciation events following the colonization of the archipelago. 
 Evidence for ecological niche diversification between species of Australian 
Antiporus and Sternopriscus diving beetles was found in categorical ecological 
data and the results of Ecological Niche Modeling. This also indicates an adaptive 
component in these speciation events. 
 Molecular, morphological, and ecological data indicate that the Sternopriscus 
tarsalis radiation of Australian diving beetle species originated in one of the 
fastest speciation events known so far among insects. I discussed that this 
radiation had characters fitting to the 'species flock' concept. This would be the first 
described species flock of aquatic insects. 
 A molecular clock study indicates that the disjunct distribution of the Hygrobiidae 
family of aquatic beetles, with species in Europe, East Asia, and Australia, is not 
the result of recent dispersal, but likely dates back to the breakup of Pangea.  
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 Ecological data was successfully used as a line of evidence for species 
delimitation in the integrative taxonomy of Australian diving beetles. It was used in 
the forms of qualitative categorical data and quantitative data produced by 
Ecological Niche Modeling for delimiting species of Antiporus and Sternopriscus 
diving beetles. 
 Integrative taxonomy using mtDNA, nDNA, morphology, and ecological data was 
successfully applied for species delimitation even when species could not be 
distinguished by morphology (in Antiporus diving beetles), or when they could 
not be distinguished by any of the molecular genetic markers studied (in 
Sternopriscus diving beetles).  
 Using the example of Comoran Lycodryas snakes, I argued that, in contrast to the 
arguments of some authors, the taxonomic rank of subspecies should not be 
abolished. Instead, taxonomic entities with some degree of differentiation, but 
without any clear evidence for lineage separation, should be described as 
subspecies.  
 DNA barcoding was shown to provide a reliable preview to phylogenies. While 
inferior to the results of multigene phylogenetic studies, DNA barcoding topologies 
led to the identification of cryptic species in Comoran reptiles and Australian 
beetles that were later confirmed by multigene phylogenies and morphological 
analyses. Additionally, DNA barcoding proved useful in the identification not only at 
species level, but also at the infraspecific level of island populations of 
Comoran reptiles. 
 
 
Numbers and facts: 
All numbers refer to this thesis alone and may be higher if side 
projects that are not directly part of this dissertation are 
included. 
Days from official application to submission of this thesis: 1509 
Total pages: 248 
Scientific articles included: 7 
Total number of words: 115701 
Number of words (text only) in scientific articles: 55481 
Total number of literature references (doubles not counted): 695 
Mentions of Charles Darwin: 27 
Mentions of Kevin de Queiroz: 33 
Highest number of works cited from a single first author: 9 (Sara Rocha) 
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Samples processed: 339 
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